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Preface 


At  its  70th  meeting  in  Spring  1990,  the  Structures  and  Materials  Panel  held  a  Workshop  to  address  the  role  of  structural 
analysis  design  in  relation  to  aircraft  qualification  procedures,  in  order  to  establish  guidelines  for  the  future  and  to  seek  out 
those  areas  where  there  exists  a  commonality  of  approach  between  nations. 

EMscussion  of  the  papers  presented  and  a  final  summary  ses.sion  revealed  some  common  concerns  and  issues  and  gave  rise  to 
several  recommendations. 

It  is  hoped  that  the  Workshop  —  bringing  together  the  various  views  of  the  aircraft  industry  and  certification  agencies  —  has 
served  in  achieving  the  goal  of  showing  a  way  to  reduce  development  cost  and  increase  reliability  of  structures. 


Preface 


Au  printemps  1990,  lors  de  sa  70eme  reunion,  le  Panel  AGARD  des  Structures  et  Materiaux  a  organise  une  reunion  de  travail 
pour  examiner  le  rdle  de  la  conception  analytique  des  structures  en  function  des  procMures  de  qualification  des  aeronefs.  Les 
participants  ont  eu  pour  objectif  d'etablir  des  directives  pour  I’avenir  et  d’identifier  des  domaines  oil  une  approche  commune 
des  problemes  existe  au  sein  des  pays  membres  de  I’OTAN. 

Lors  des  discussions  qui  ont  suivi  la  presentation  des  communications  et  pendant  la  seance  de  cloture,  les  participants  ont 
mentionne  un  certain  nombre  de  preoccupations  et  de  problemes  commons  dans  ce  domaine  et  ils  ont  formule  des 
recommandations  appropriees. 

On  peut  esperer  que  cette  reunion  de  travail,  qui  a  permis  de  confronter  les  differents  avis  des  representants  de  I’industrie 
aeronautique  et  des  organismes  d'homologation,  a  montre  les  voies  a  suivre  pour  reduire  les  couts  de  developpement  et  pour 
obtenir  une  meilleure  fiabilite  des  structures  d’aeronef. 
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A  BOLE  m»L  FOR  QUALITY  NMIAGBIIBirr 
HI  FHIITB  BLBMEMT  AMALYSIS. 
by 

John  Barlow 
Rolls-Royce  pic 
PO  Box  31 
Derby  OB2  8BJ 
England 


SUMMARY. 

Many  engineering  companies  use  a  Quality  Management  System  to  ISO  9001  as  a  means 
of  controlling  quality  and  standards  In  their  products  and  operations.  The  National 
Agency  for  Finite  Element  Methods  and  Standards  has  recently  Issued  a  Quality  Systems 
Supplement  on  the  application  of  ISO  9001  to  the  use  of  finite  element  analysis  In  the 
design  and  validation  of  engineering  products.  The  paper  presents  a  'role  model'  for  a 
quality  system  designed  to  fulfil  the  requirements  of  that  document.  Quality  aspects  of 
the  following  topics  are  covered;  management  of  the  analysis  operation;  acquisition, 
development  and  verification  of  software;  qualification  and  documentation  of  analysis 
methods;  project  analysis;  education  and  training  of  personnel.  Coimnents  are  Included, 
based  on  experience  of  Implementing  finite  element  quality  procedures. 


1  INTRODUCTION. 

Many  commercial  organisations  have  a  Quality  Management  System  ((^)  In  ccxnpliance 
with  the  requirements  of  ISO  9001  (ref.  1),  BS  5750,  AQAPl  etc.  Used  sensibly,  a  QMS 
provides  the  necessary  Infrastructure  for  Improving  and  controlling  the  quality  and 
reliability  of  finite  element  analysis.  The  National  Agency  for  Finite  Element  Methods 
and  Standards  (NAFEMS)  have  produced  a  Quality  Systems  Supplement  (QSS)  which  addresses 
the  application  of  ISO  9001  to  finite  element  analysis.  The  QSS  (ref.  2),  like  all  QA 
requirements  specifications.  Is  written  primarily  for  assessors  and  in  the  required 
format  of  ISO  9001.  This  Is  not  the  most  useful  form  for  prospective  assessees,  who  have 
to  fit  the  'jigsaw  puzzle'  of  requirements  Into  a  quality  system.  The  purpose  of  this 
paper  Is  to  outline  a  quality  system  model  containing  the  main  features  required  to 
satisfy  the  QSS.  Except  for  Items  covered  by  the  overall  QMS  Infrastructure,  the  model 
attempts  to  cover  every  section  of  the  QSS  pertaining  to  product  Integrity  analysis.  In 
order  to  correlate  the  features  of  the  model  with  the  QSS  requirements,  references  to 
sections  of  the  QSS  are  Included  In  the  text  In  the  form  (Q,4.1.1).  These  relationships 
are  also  summarised  In  Table  1  to  help  Identify  relevant  sections  of  the  current  paper 
when  working  with  the  QSS. 

This  Interpretation  Is  not  unique  and  Is  only  one  of  many  systems  which  could 
fulfil  the  requirements.  However  It  Is  hoped  that,  by  highlighting  the  relevant  Issues, 
It  will  help  others  In  designing  QA  procedures  appropriate  to  their  application. 

2  FITNESS  FOR  PURPOSE. 

QA  does  not  require  every  analysis  to  be  done  Immaculately  to  the  highest  degree  of 
accuracy.  The  key  to  effective  QA  Is  to  match  the  degree  of  quality  control  to  the 
purpose  of  the  analysis.  To  this  end  the  QSS  (Q,appendlx  B)  defines  three  'categories  of 
importance'  of  analyses  as  either  'VITAL',  'IMPORTANT'  or  'ADVISORY'.  Briefly  these 
relate  to  the  consequences  of  failure  of  the  product  emd  the  role  which  the  analysis 
fulfils  In  the  demonstration  of . Its  Integrity.  The  degree  of  control  In  each  QA  function 
is  linked  to  this  category  so  that,  for  example,  the  degree  of  control  for  a  'vital' 
analysis  Is  far  greater  than  that  required  for  an  'advisory'  analysis.  This 
categorisation  also  operates  In  the  Inverse  mode.  Where  an  analysis  with  the  required 
degree  of  quality  control  cannot  be  provided  for  the  application,  then  some  other  means 
of  integrity  demonstration,  e.g.  physical  testing.  Is  required.  Also  used  extensively  In 
the  document  Is  the  'scope  of  analysis'  which  Is  defined  by  the  type  of  emalysls,  e.g. 
linear  elastic,  transient  dynamic,  etc  and  the  product  type  e.g.  pipe  systems,  airframe 
structures,  etc. 

As  well  as  the  definitions  given  above,  the  validation  terminology  of  ref.  3  Is 
used  to  distinguish  the  'verification'  of  software  from  the  'qualification'  of  analysis 
procedures . 

3  OVERVIEW. 

Like  any  engineering  endeavour,  formal  QA  In  FE  Isn't  Implemented  In  a  day.  It  Is  a 
process  of  development  built  on  Intent  and  experience.  The  most  Important  aspects  are  a 
management  commitment  to  QA  (Q,4.1.1)  and  setting  up  the  QMS  framework  In  which  It  can 
be  implemented. 

©  Rolls-Royce  pie  1990 
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Figure  1.  Quality  model  overview. 


The  total  analysis  QA  system  (figure  1)  is  modelled  in  terms  of:- 
Three  serial  activities 

o  acquisition,  development  and  verification  of  analysis  and  associated  software, 
o  development  and  qualification  of  analysis  methods,  and 
o  product  design  development  and  integrity  analysis, 

where  the  sole  purpose  of  the  first  two  activities  is  to  ensure  the  efficient  and  robust 
operation  of  the  latter,  and 

o  The  management  functions  which  implement  and  coordinate  the  activities. 

o  The  education,  training  and  experience  of  personnel. 

Figures  2  to  4  give  details  of  the  three  central  items  of  figure  1  and  can  be 
synthesised  to  form  a  diagram  of  the  total  QA  system.  The  asterisks  *  denote  'controlled 
documents',  i.e.  subject  to  formal  issue  and  change  control  procedures. 

Each  of  the  cibove  aspects  is  addressed  in  the  following  sections,  starting  in  the 
middle . 

4  DEVELOPMENT  AND  QUALIFICATION  OF  ANALYSIS  PROCEDURES. 

Analysis  methods  development  is  an  activity  which  most  analysis  organisations 
actually  do,  although  it  may  not  be  conspicuous  or  documented.  The  development  and 
qualification  of  analysis  methods  is  central  to  QA  in  the  use  of  FE,  it  provides  the 
link  between  the  general  purpose  software  and  its  use  in  the  analysis  of  particular 
products.  Whether  it  is  performed  within  a  project,  or  by  a  group  set  up  specifically 
for  the  purpose,  it  is  recognised  as  a  distinct  activity  coordinated  by  appropriate 
technical  management  (Q,4.1.2.1). 

The  activity  is  driven  by  project  analysis  requirements.  Its  main  functions  are:- 

o  Evaluation  of  software  appropriate  to  the  analysis  requirements. 

o  The  develojmient ,  qualification  and  documentation  of  analysis  procedures. 

Figure  2  represents  the  analysis  methods  development  cycle.  Starting  from  the 
product  analysis  requirements  (2a),  software  is  evaluated  (2b)  and  used  in  the 
development  of  analysis  procedures.  The  procedures  are  then  qualified  by  validation 
analyses  (2c)  using  Independently  derived  results.  After  approval  by  the  appropriate 
technical  and  project  authorities,  the  documented  qualified  procedure  is  Incorporated 
into  the  analysis  procedures  library  (2d)  and  released  for  product  analysis.  Provision 
is  made  for  analysis  procedure  error  reporting  and  control  (2e).  Adjuncts  to  the  £d30ve 
cycle  are  liaison  with  software  suppliers  on  error  corrections  (2f)  and  the  software 
acceptance  procedures  (2g).  Further  details  of  these  functions  are  outlined  iaelow. 

A  significant  part  of  the  analysis  methods  develoimient  concerns  the  acquisition  of 
analysis  and  associated  software  and  this  issue  is  addressed  first. 
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Figure  2.  Development  and  qualification  of  analysis  methods. 


5  ACQUISITIOH  OF  SOFTWARE. 

The  following  assumes  the  common  situation  where  the  majority  of  analysis  and 
associated  software  Is  acquired  from  a  supplier  outside  the  product  design  organisation. 

The  QA  Issues  relating  to  purchased  software  are:- 

o  Evaluation  of  the  suitability  of  the  software  to  the  analysis  requirements  of  the 
product  and  the  Inherent  limitations  of  the  software. 

o  Verification  of  the  software  against  Its  functional  specification. 

o  The  software  suppliers  Software  Quality  Control  (SQC)  system. 

o  The  software  support  service. 

The  first  two  Items  relate  to  the  software  Itself  (Q,4.6.1),  the  latter  to  the 
organisation  supplying  the  software  (Q,4.6.2). 

5.1  Evaluation  and  verification  of  software. 

Distinction  Is  made  between  evaluation  of  the  software  and  verification  of  the 
software.  Evaluation  (figure  2b)  Is  based  on  the  software  users  perception  of  the  code 
In  respect  to  Its  prospective  application.  The  function  of  evaluation  Is  to  ensure  that 
the  software  Is  appropriate  for  the  required  application,  that  Its  Inherent  limitations 
are  luiown  and  that  It  Is  not  used  beyond  those  limits.  Software  verification  (figure 
3c),  on  the  other  hand.  Is  based  on  the  software  developers  perception  of  the  code  In 
respect  to  Its  technical  and  functional  specification.  The  purpose  of  verification  Is  to 
demonstrate  that  the  software  does  what  It  purports  to  do.  Thus  verification  generally 
confirms  what  the  software  will  do  satisfactorily,  whereas  evaluation  demonstrates  Its 
applicability  to  the  product  analysis  requirements. 

Software  evaluation  Is  part  of  the  product  design  organisation's  quality  system  In 
software  acquisition.  The  two  sources  of  preliminary  evaluation  are  the  software  theory 
and  validation  documents.  Examination  of  the  theoretical  basis  and  numerical  algorithms, 
together  with  the  range  of  validation  problems,  may  (ae  sufficient  to  demonstrate  the 
applicability  and  limitations  of  the  software.  Unfortunately  software  validation  manuals 
do  not  generally  demonstrate  the  limitations  of  the  software  (Indeed  It  unusual  for 
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manuals  to  contain  problems  that  perform  badly)  and  the  end  user  has  to  do  It  himself. 
Similar  ccmments  apply  to  tests  for  invalid  problem  or  solution  rejection  (ref.  3). 

The  software  is  evaluated  by  identifying  and  running  problems,  with  established 
solutions,  which  reflect  the  technical  requirements  of  the  product  analysis. 

Particularly  attention  is  given  to  the  analysis  type.  One  of  the  main  activities  of 
NAFEHS  is  the  production  of  benchmark  problems  (ref  5  to  10)  for  a  variety  of  analysis 
types.  These  provide  a  useful  source  of  evaluation  tests.  Where  these  are  not  adequate 
for  the  purpose,  it  may  be  necessary  to  seek  or  design  well  specified  problems  which 
will  demonstrate  the  software's  capability  with  respect  to  the  analysis  requirements. 
Evaluation  provides  technical  management  with  the  required  appreciation  of  the  software 
limitations  (Q,4.18).  The  evaluation  tests  are  retained  and  used  in  the  subsequent 
software  acceptance  procedures  (see  5.5). 

Software  verification  is  primarily  a  software  suppliers  function,  and  should  be 
part  of  his  Software  Quality  Control  system  (see  5.2),  however  it  is  the  responsibility 
of  the  user  to  ensure  that  the  verification  has  been  performed.  Evidence  of  satisfactory 
verification  should  be  contained  in  the  validation  manual  supplied  as  part  of  the 
software  support.  The  verification  tests  must  Include  the  fundamental  tests  described  in 
section  2.2  of  ref.  4.  Basically  these  demonstrate  that  the  software  has  satisfied 
fundamental  tests  for  soundness  and  convergence,  for  exeunple,  element  tests  for 
invariance,  rigid  body  modes,  constant  stress  patch  tests  etc.  If  the  verification  tests 
are  not  documented,  the  software  supplier  is  required  to  provide  the  verification  test 
for  use  in  the  product  design  organisation.  The  tests  are  examined  for  complete  coverage 
of  the  theoretical  basis,  facilities  and  numerical  algorithms  contained  in  the 
theoretical  and  other  support  documents.  Selected  software  verification  tests  may  be 
included  in  the  software  acceptance  procedures  (see  5.5). 

In  the  QA  system,  software  which  does  not  ccnply  with  the  requironents  of 
evaluation  and  verification  is  not  made  available  for  use  in  analyses  of  high  categories 
of  importance.  The  importance  of  the  theoretical  and  validation  manuals,  in  software 
evaluation  and  verification,  should  be  noted.  Some  guidelines  to  verification  and 
evaluation  testing  is  given  in  section  2  of  ref.  4. 


Figure  3.  Software  acquisition. 


5.2  Suppliers  SQC  system. 

Software  suppliers  are  treated  like  any  other  suppliers  of  material  and  services 
and  are  required  to  demonstrate  a  satisfactory  and  effective  quality  system  (Q,4.6.2). 
The  quality  of  software,  supplied  for  demonstrating  the  Integrity  of  the  product,  is  as 
Important  as  the  material  supplied  for  its  manufacture. 

The  most  important  aspects  of  the  software  suppliers  SQC,  relevant  to  the  product 
user  are 

o  control  of  the  software  development  process, 
o  verification  of  the  software  (5.1),  and 

o  the  procedures  for  identifying,  controlling  and  correcting  software  errors. 
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Control  of  the  software  develoimient  process  Insures  against  deterioration  of  the 
software  under  continual  enhancement  emd  error  correction.  It  provides  some  degree  of 
confidence  that  the  supplier  can  continue  to  provide  the  facilities  required  to  support 
product  integrity.  Withdrawal  of  an  important  analysis  facility  CcUi  have  serious 
repercussions  on  product  support.  Where  such  a  risk  exists,  the  source  code  may  be 
lodged  in  escrow.  Software  quality  systems  vary  considerably  between  FE  software 
suppliers.  It  is  the  responsibility  of  the  user  to  ensure  that  the  software  suppliers 
SQC  is  satisfactory.  The  recent  TICRIT  (ref.  11)  Initiative,  on  the  application  of  ISO 
9001  to  software  development,  is  useful  in  evaluating  the  supplier's  quality  control. 

Large  cranputer  programs  inevitably  contain  some  errors  and  it  is  unreasonable  to 
expect  otherwise,  however  it  is  Important  that  the  code  developer  has  effective 
procedures  for  controlling  software  errors.  The  SQC  system  must  define  the  suppliers 
procedures  for  detecting,  reporting,  controlling  and  rectifying  errors. 

5.3  Software  support. 

The  requirements  for  support  of  software,  used  in  integrity  demonstration  analyses. 
Include : - 

o  error  and  correction  notification, 
o  documentation, 

o  training  specific  to  the  software. 

In  addition  to  the  SQC  aspects  of  error  control  (5.2)  the  software  supplier  must 
establish  effective  communication  of  detected  software  errors,  in  particular  the 
reporting  of  serious  software  errors  so  that  the  user  can  control  the  use  of  defective 
software  (Q,4.13).  Periodic  supply  of  a  'bug  list'  provides  the  user  with  a  useful 
monitor  on  the  suppliers  actions. 

A  guide  to  the  documentation  required  to  support  use  of  the  software  is  given  in 
section  7.1  of  ref.  4.  As  well  as  the  normal  'users  manual'  the  documentation  should 
cover  the  verification,  theory  and  numerical  algorithms,  demonstration  problems,  program 
structure  and  computer  system  requirements.  As  noted  in  section  5.1,  the  two  documents 
which  are  most  important  to  QA  are  the  theoretical  and  validation  manuals.  Unfortunately 
these  are  the  two  formal  documents  which  suppliers  are  least  likely  to  provide  and  the 
user  may  have  to  exert  some  pressure  to  obtain  them.  The  theoretical  manual  is  the 
closest  thing  to  a  functional  specification  against  which  the  software  can  be  verified. 
The  validation  manual  provides  the  primary  evidence  of  software  verification.  Care  may 
be  required  in  differentiating  between  verification  and  demonstration  problem 
documentation.  VIhere  necessary,  access  to  the  software  suppliers  actual  validation  test, 
rather  than  those  in  his  'demonstration'  manual,  is  required. 

The  software  supplier  must  provide  training  in  the  use  of  the  software.  This  should 
not  merely  cover  the  mechanics  of  input,  but  should  include  such  topics  as  the  solution 
methods  used,  limitations  of  the  theory,  element  formulations  and  algorithms,  diagnostic 
and  error  messages  and  their  meaning,  outline  of  the  program  structure  and  operation. 
Specific  examples  should  be  included  which  demonstrate  the  use  of  the  code  over  the 
range  of  facilities  used  in  product  analysis.  The  course  need  not  cover  basic  FE 
methods,  which  may  be  provided  elsewhere,  but  should  be  sufficient  to  enadsle  the  product 
user  to  provide  in  house  consultancy  on  use  of  the  software  (8.2). 

5.4  Internal  Software. 

Methods  development  inevitably  involves  some  'internal'  software  development  which 
may  not  be  identified  as  such.  Many  FE  systems  allow  the  user  to  insert  subroutines  or 
to  control  the  execution  sequence  of  modules.  Data  generation  modules  may  be  written  and 
linked  in  a  sequence  of  programs.  Examples  Include  the  generation  of  constraint 
equations,  element  stiffnesses  and  load  vectors  etc.  Use  of  uncontrolled  software  of 
this  type  is  identified  as  a  significant  QA  risk.  All  internally  developed  software  of 
this  type,  used  in  qualified  analysis  procedures,  is  subject  to  the  same  QA  requirements 
as  external  software,  albeit  in  abbreviated  form,  in  respect  to  documentation, 
verification  and  support.  This,  together  with  software  acceptance  testing,  software 
error  reporting  (see  5.5)  and  code  security  procedures,  forms  the  minimum  in  house 
software  quality  system  (Q,4.1.2).  If  the  product  design  organisation  has  a  software 
development  department,  not  particularly  for  FE,  the  SQC  procedures  of  that  organisation 
can  be  suitably  adapted  to  cover  this  aspect. 

5.5  Software  acceptance  and  error  control. 

The  purpose  of  the  software  acceptance  testing  is  to  ensure  that  new  releases  or 
updates  of  software  or  hardware  do  not  Invalidate  current  analysis  procedures, 
qualification  analyses  or  evaluations  (Q,4.6.4).  Acceptance  tests  are  executed  at 
initial  release  of  the  software  to  product  analysis  and  for  each  update  of  the  software 
or  for  major  changes  in  hardware.  In  practice,  after  the  initial  trials,  subsequent 
releases  use  simple  'file  to  file'  checking  software  to  ccxnpare  the  output  with  that  of 
a  previous  satisfactory  release.  Only  new  tests,  or  deviations  from  previous  results, 
are  checked  manually. 
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The  'software  acceptance  library'  consists  of:- 
o  the  test  problems  used  in  the  software  evaluation  (5.1). 

o  selected  tests,  relevant  to  the  project  analysis  requirements,  talcen  from  the 
software  verification  tests  (5.1). 

o  the  software  execution  dec)cs  used  in  qualification  of  current  analysis  procedures 
( see  6.3). 

Where  there  are  significant  chanqes  in  the  results,  these  are  reported  to  the 
supplier  and  the  product  analysis  organisation.  Where  necessary,  the  analysis  procedures 
are  amended  and  the  qualification  tests  repeated.  After  satisfaction  of  the  acceptance 
trials,  the  software  is  formally  released  for  product  analysis  use  with  identification 
of  the  version/release  number,  revised  software  documentation  and  a  summary  of  the 
software  changes. 

The  function  of  the  product  design  organisation's  error  control  is  to  liaise  with 
the  supplier  on  software  errors.  This  involves  logging  and  reporting  errors  to  and  from 
the  supplier  and  disseminating  information  on  errors  and  corrections  to  the  users. 
Particular  attention  is  given  to  controlling  the  use  of  software  containing  )cnown 
errors.  Users  are  alerted  to  outstanding  errors  by  warning  messages  displayed  at  access 
to  the  programs  (Q,4.13). 

6  ANALYSIS  PROCEDURE  DEVELOPMENT. 

Analysis  procedure  development  requires  a  range  of  expertise  covering  product 
Irnowledge,  FE  modelling,  software  and  hardware.  All  these  must  be  present  in  the 
development  activity.  The  development  of  qualified  analysis  procedures  starts  with  a 
systematic  review  of  methods  in  common  and  established  use.  Documentation  and 
qualification  of  those  methods  forms  the  basis  of  the  analysis  procedures  library.  This 
consolidates  the  product  analysis  operation,  improves  its  efficiency  and  eliminates 
uncertainties  due  to  variations  in  practice. 

6.1  Documentation  of  analysis  procedures. 

Undocumented  procedures  suffer  from  atrophy  and  misuse  and  can  result  in  loss  of 
experience  with  changes  in  personnel.  The  documentation  of  an  analysis  procedure  (0,4.2) 
Includes  the  following  items 

o  The  output  data  for  which  it  has  been  qualified  and  the  order  of  its  accuracy.  This 
is  limited  solely  to  the  data  correlated  in  the  qualification  analyses  (see  6.3). 
The  order  of  accuracy  is  based  on  the  degree  of  that  correlation. 

o  The  scope  and  limitations  of  its  applicability,  defined  in  sufficient  detail  to 

ensure  that  the  procedure  is  not  used  outside  that  scope.  Typically  these  include 
the  identifying  characteristics  of  the  physical  structure,  loading  conditions, 
analysis  type,  limitations  of  the  behavioural  modelling  and  theory  assumptions. 

o  Reference  to  documented  analyses  used  in  qualification  of  the  procedure  (see  6.2). 

o  The  meociroum  category  of  Importance  of  analyses  in  which  the  procedure  may  be  used. 

This  is  based  on  the  degree  and  number  of  reference  validation  analyses.  The 
category  of  importance  defaults  to  'advisory'  if  the  procedure  is  not  qualified. 

o  The  input  data  required  for  satisfactory  execution  of  the  procedure. 

o  The  software  and  facilities  to  be  used,  e.g.  element,  solution  and  loading  types 

and  options,  valid  constraint  equations  etc. 

o  The  analyst  controlled  procedures,  e.g.  the  geometric  representation,  mesh  size  and 
configuration,  treatment  of  sub-scale  features,  representation  of  loading,  boundary 
conditions  and  constraints,  material  modelling,  solution  procedures,  stress  output 
interpolation,  interpretation  to  the  physical  problem  etc.  A  comprehensive  list  of 
these  items  is  given  in  sections  3  to  5  of  ref.  4.  The  level  of  detail  must  be 

sufficient  to  enable  an  analyst,  of  the  relevant  level  of  competence  (see  8.2),  to 

execute  the  analysis  in  a  satisfactory  manner. 

o  The  OA  checits  to  Ise  exercised  within  the  procedure;  pre-analysis  chec)cs  such  as 

element  distortion,  compatibility  and  connectivity;  analysis  execution  chec)(s  such 
as  nvimerical  stability,  convergence  in  Iterative  solutions,  residuals,  etc; 
post-analysis  checlcs  such  as  stress  continuity,  total  load,  small  displacements 
etc.  Examples  of  this  type  of  in  procedure  checlts  are  given  in  ref.  12  and  sections 
4.3  and  4.4  of  ref.  4. 

o  Identification  of  the  'procedure  owner'  responsible  for  action  on  errors,  omissions 
and  queries. 
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6.2  Qualification  of  analysis  procedures. 

Analysis  procedure  qualification  is  performed  by  analyses  of  realistic  engineering 
structures  for  which  results,  appropriate  to  the  purpose  of  the  analysis,  can  be 
confirmed  by  some  independent  means.  Confirmatory  results  are  typically  obtained  from 
physical  tests  supporting  integrity  demonstration  of  previous  products,  service 
experience,  failure  investigations,  alternative  analyses  or  third  party  assessments. 

Many  test  results  can  be  found  in  the  open  literature.  The  qualification  tests  are 
executed  to  the  defined  procedure,  preferably  by  an  independent  analyst  of  the 
appropriate  level  of  competence,  to  ensure  that  the  procedure  documentation  is  adequate. 
The  documentation  of  a  qualification  analysis  is  sufficient  to  en2d}le  it  to  be  repeated 
without  reference  to  any  other  documentation  so  that,  if  the  procedure  is  eunended,  the 
qualification  can  be  repeated  with  a  minimum  of  delay.  Qualification  analysis  reports 
are  subject  to  formal  issue  and  change  control.  The  software  execution  decks,  used  in 
the  qualification  analyses,  are  added  to  the  test  library  (5.5)  for  software  acceptance. 

In  assessing  the  qualification  in  respect  to  the  category  of  importance,  both  the 
degree  of  correlation  and  the  reliability  of  the  confirmatory  values  are  taken  into 
account.  The  more  qualification  tests  .and  correlations  avalled>le,  then  the  greater  the 
confidence  in  the  procedure  and  the  higher  the  category  of  importance  of  analyses  in 
which  the  procedure  may  be  used.  Qualification  of  analysis  procedures  provides  project 
management  with  an  appreciation  of  the  inherent  assumptions  and  limitations  of  the 
analysis  method  (Q,4.18). 

7  PRODUCT  ANALYSIS. 

Figure  4  shows  the  project  analysis  cycle.  The  product  analysis  is  controlled  by 
the  project  analysis  manager  through  the  project  analysis  plan  (4a).  The  individual 
analysis  tasks  are  allocated  (4b)  through  analysis  specifications  (4c)  which  use  the 
analysis  procedures  qualified  in  the  methods  development  activity.  After  checking  of  the 
results  (4d)  each  analysis  is  documented  (4e),  approved  by  the  analysis  project  manager 
and  used  to  update  or  amend  the  plan  {4f).  Details  of  the  individual  items  are  given  in 
the  following  sections. 


Figure  4.  Product  integrity  analysis. 
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7.1  Project  Analysis  Plan. 

The  project  analysis  plan  is  a  dynamic  document  which  starts  as  a  broad  outline  and 
becomes  more  detailed  as  the  design  evolves.  It  is  updated  and  amended  as  analysis 
results  are  obtained  and  may  involve  tasks  in  the  methods  development  activity.  At 
completion  of  the  project  the  analysis  plan  becomes  a  record  which  correlates  the 
individual  analysis  reports.  The  analysis  plan  is  a  controlled  document  subjected  to 
periodic  reissue  and  change  control  procedures. 

Particular  QA  features  of  the  plan  are  (Q,4.4.2);- 

o  The  Identification  of  decisions  or  reviews,  based  on  structural  features  and 

analysis  results,  which  may  result  in  updating  the  plan  and  redirection  of  analysis 
activities. 

o  Quantitative  assessments,  estimates,  design  reviews  and  correlations  between 
analyses  to  be  used  in  checking  the  results  from  individual  analyses. 

o  The  scope  and  category  of  importance  of  each  analysis. 

Based  on  the  scope  of  the  analysis  and  its  category  of  importance,  each  analysis 
task  is  allocated  to  an  analysis  team  (supervisor,  analyst  and  software  consultant)  who, 
collectively,  fulfil  the  requirements  of  experience  and  expertise  (see  8.3). 

7.2  Analysis  Specifications. 

The  analysis  team  first  prepares  an  analysis  specification  which  is  agreed  by  the 
project  manager  before  the  analysis  proceeds.  The  purpose  of  the  specification  is  to 
ensure  that  the  analysis  is  sufficient  to  fulfil  its  purpose,  that  the  appropriate  input 
data  is  available  and  that  the  results  are  relevant  to  the  project  needs.  The 
specification  includes 

o  the  purpose  of  the  analysis  and  output  data  required, 

o  the  sources  of  authentic  data  for  input, 

o  the  qualified  analysis  procedure  to  be  used, 

o  the  input  and  results  checking  procedures  to  be  invoked. 

Where  a  qualified  procedure  is  not  availcdsle  the  procedure  itself  is  outlined  in 
the  specification  and  the  results  used  only  for  advisory  purjxjses. 

7.3  Results  checking 

At  completion  of  the  analysis  the  results  are  checked  and  assessed.  This  involves 

o  Confirming  that  all  the  analysis  procedure  QA  checks  (6.1)  have  been  executed 
satisfactorily. 

o  Comparison  of  the  results  with  the  estimates  and  correlations  identified  in  the 
analysis  plan  (7.1).  Quantitative  estimates  are  obtained  from  traditional 
simplified  analyses,  ball  park  and  eyeball  values  based  on  product  juiowledge, 
comparison  with  coarse  mesh  analysis,  formal  assessment  or  review  etc.  Checks  like 
total  mass,  load  balance  between  substructures  and  other  global  quantities  provide 
useful  Indications  of  the  validity  of  the  results.  Some  useful  results  checks  are 
Included  in  ref.  12. 

o  Assessment  of  the  results  based  on  luiowledge  of  the  physical  problem.  For  analyses 
of  high  category  of  Importance,  an  Independent  assessment  is  performed  by  a 
qualified  individual  who  is  not  a  mendaer  of  the  analysis  team.  A  guide  to  results 
assessment  is  given  in  section  5.2  of  ref.  4. 

7.4  Analysis  documentation 

The  controlled  documentation  of  the  analysis  consists  of  an  analysis  report,  the 
analysis  record  and  project  computer  data  files. 

The  analysis  report  provides  only  the  Information  relevant  to  product  design  and 
integrity.  It  includes; - 

o  the  purpose  of  the  analysis, 

o  an  outline  of  the  representation  of  the  physical  structure  by  the  analysis  model, 
o  summary,  discussion  and  accuracy  assessment  of  the  principle  results, 
o  relevance  of  results  to  the  engineering  problem  and  design  recommendations, 

references  to  enable  further  details  to  )}e  obtained  fron  the  analysis  records. 


o 


1-9 


Sunmarles  of  analysis  reports,  including  the  scope  of  analysis,  category  of 
inqportance  and  identification  of  analyst,  supervisor  and  software  consultant,  are  stored 
on  a  database .  This  is  used  for  subsequent  task  allocation  decisions  ( see  8.3). 

The  analysis  record  includes 

o  the  analysis  specification  (7.2), 

o  the  key  input  data,  in  terms  of  the  physical  structure  and  model  representation, 
and  the  sources  of  that  data, 

o  selected  output  relevant  to  the  purpose  of  the  analysis, 
o  a  summary  of  QA  checks, 

o  location  of  the  input  in  the  project  computer  files  and  the  version/release  numlser 
of  the  software  used. 

The  analysis  record,  together  with  the  stored  input  files,  should  be  sufficient  to 
encdsle  the  analysis  to  be  repeated  or  updated  reliably  with  a  minimum  of  effort. 
Guidelines  to  the  content  of  analysis  reports  and  records  are  given  in  sections  6.1  and 
6.2  of  ref.  4. 

The  project  computer  files  contain  the  program  input,  and  where  appropriate,  output 
relevant  to  the  analysis.  Where  a  number  of  design  iterations  are  involved,  only  that 
germane  to  the  definitive  version  is  stored.  The  data  to  he  retained  is  defined  in  the 
job  closedown  procedures  (0,4.15)  and  is  stored  in  secured  files. 

8  QUALIFICATION  AND  TRAINING  OF  PERSONNEL. 

The  QSS  addresses  the  qualification  of  personnel  on  the  basis  of  collective 
accreditation,  rather  than  at  the  level  of  individuals.  This  provides  flexibility  in  the 
movement  and  advancement  of  personnel  and  avoids  any  contentious  Issues  associated  with 
unsolicited  personal  accreditation.  The  requir«nents  are  that  a  'team',  who  collectively 
provide  the  necessary  expertise,  be  allocated  to  each  analysis  task  .  An  analysis  team 
consists  of  a  supervisor,  analyst  and  software  consultant.  One  individual  may  fulfil 
more  than  one  role,  provided  the  requirements  are  satisfied. 

8.1  Personnel  requirements 

The  requirements  are  quantified  in  ref.  13  in  terms  of:- 
o  formal  academic  or  professional  qualifications, 
o  product  analysis  experience,  not  necessarily  in  FE, 

o  FE  modelling  and  problem  solving  relevant  to  the  scope  of  the  analysis,  and 

o  FE  software  application  experience. 

The  required  degree  of  training  and  experience  varies  with  the  category  of 
importance  of  the  analysis  and  must  be  relevant  to  the  scope  of  the  analysis.  Formal 
training  in  FE  methods  and  software  application  contributes  to  personnel  accreditation. 
Job  experience,  accumulated  in  one  category,  contributes  to  qualification  for  tasks  of  a 
higher  category.  Thus  an  analyst  may  perform  low  category  tasks,  under  supervision, 
until  sufficient  experience  is  gained  to  perform  such  tasks  unsupervised.  He  may  then 
move  to  a  higher  category  under  supervision,  and  so  on.  In  cases  where  the  required 
software  application  expertise  is  not  available  within  the  product  design  organisation, 
it  may  be  necessary  to  contract  sult2d>le  personnel  from  the  software  suppliers 
organisation.  Similarly  if  the  organisation  is  suljcontractlng  analysis  of  an  unfamiliar 
product,  the  necessary  product  expertise  may  he  provided  by  the  contractor. 

8.2  Provision  of  training. 

Training  is  provided  by  a  combination  of  formal  tuition  and  on  job  training.  It  is 
effective  to  use  two  types  of  course,  one  in  general  FE  methods  and  others  in  the  use  of 
particular  FE  software  packages.  This  leads  to  a  Isetter  appreciation  of  the  analysis 
technology  and  maintains  flexibility  in  the  use  of  different  codes. 

Lecture  courses  in  FE  methods  are  provided  for  all  analysis  personnel,  except  for 
those  who  qualify  by  virtue  of  experience  alone.  In  a  large  organisation  it  is  economic 
to  run  such  courses  in  house  using  an  external  specialist.  The  course  follows  the  NAFEMS 
reconmended  syllabus  (ref.  14).  This  syllabus  also  provides  a  basis  for  evaluating 
training  courses.  As  a  follow  up  to  the  teaching,  suitable  'starter  packs'  of  product 
oriented  problems  are  made  available.  Self  study  is  encouraged  through  subsidising 
purchase  of  the  NAFEMS  primers  (ref.  15).  Training  courses  in  the  use  of  particular 
software  should  l>e  provided  hy  the  software  supplier.  The  content  of  such  courses  (5.3) 
is  reviewed  and  negotiated,  with  the  supplier,  in  respect  to  the  product  design 
organisation's  needs.  The  supplier  may  require  s«ne  encouragement  to  emphasise  the 
limitations  of  the  software.  Courses  of  laoth  types  are  provided  when  the  requirement  is 
identified  ( see  8.3). 
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On  job  training  is  controlled  by  the  task  allocation  process  Itself  (see  8.3  and 
7.1).  The  requirements  for  experienced  personnel  In  high  category  of  Importance  tasks, 
forces  Inexperienced  personnel  to  be  used  In  low  category  tasks  until  sufficient 
experience  has  been  gained  to  undertake  higher  category  work. 

8.3  Personnel  Records 


The  following  personnel  Information  Is  extracted  from  various  sources 

o  Professional  qualifications  and  years  of  engineering  experience  from  the  company 
personnel  records. 

o  Training  course  attendance  from  the  training  records. 

o  The  category  of  Importance,  scope  of  analysis,  identification  of  the  supervisor, 
analyst  and  program  consultant,  from  the  analysis  report  summaries  (7.4). 

This  Information  Is  coordinated  In  a  data  base  and  used  In  a  variety  of  ways:- 

o  In  task  allocation.  Given  the  category  of  Importance,  scope  of  analysis  and  a  list 
of  available  personnel,  all  possible  teams  which  fulfil  the  requirements  are 
returned.  This  provides  a  management  aid  In  task  allocation  and  job  scheduling. 

Note  that  this  does  not  prevent  the  project  manager  from  rejecting  any  team  which, 
based  on  other  considerations.  Is  deemed  to  )3e  inadequate. 

o  In  the  provision  of  training  courses.  Given  the  training  course  type,  returns  a 

list  of  personnel  that  require  the  training  In  order  to  progress  to  higher  category 
of  importance  tasks.  Provides  a  means  of  scheduling  courses. 

o  In  on  job  training.  Given  personnel  Identification,  returns  list  of  analysis  scope, 
category  of  Importance  and  roles,  required  to  advance  to  higher  category  tasks. 
Provides  a  means  of  monitoring  the  advancement  of  Individuals. 

9  DISCUSSION. 

The  real  quality  of  the  analysis  Is  determined  by  technical  considerations. 
Operational  QA  procedures  are  only  necessary  to  ensure  that  quality  controls  are 
actually  performed.  The  QA  system  should  be  a  tool  to  help  you  do  a  better  job,  not  some 
bureaucracy  you  have  to  overcome.  A  QA  system,  which  is  dominated  by  procedural  aspects 
Is  Ineffective.  The  emphasis  should  he  on  technical  documentation,  which  generally 
speeds  up  the  operation,  with  procedural  QA  documentation,  which  appears  to  slow  It 
down,  kept  to  a  minimum.  It  Is  Important  to  use  experienced  technical  staff  In 
determining  quality  procedures,  using  a  QA  consultant  only  In  an  advisory  capacity. 
Unfortunately  not  all  organisations  use  their  most  Imaginative  people  for  QA  activities. 
Bureaucrats  generate  bureaucracy  which  is  a  burden  to  managers  already  working  under 
project  pressures.  A  recent  survey  by  Zlns  (ref.  12)  shows  that  the  majority  of  analysts 
are  actually  In  favour  of  technical  quality  control  procedures. 

Too  much  control  can  stifle  Innovation.  A  good  QMS  shouldn't  stop  you  doing 
anything  except  endangering  the  product  or  the  company.  Control  should  Ise  aimed  mainly 
at  trapping  errors  as  soon  as  possible  after  they  occurs.  In  this  context,  quantitative 
checking  Is  Identified  In  six  progressive  phases  backing  product  Integrity 
demonstration . 


o  In  the  software  verification  (5.1), 
l.e.  Is  the  software  correct?. 

o  In  the  software  evaluation  (5.1), 

l.e.  Is  the  software  appropriate  to  the  application?. 

o  In  the  analysis  qualification  (6.2), 

l.e.  Is  the  procedure  for  using  the  software  correct?. 

o  In  the  software  acceptance  trials  (5.5), 
l.e.  has  the  software  changed?. 

o  During  execution  of  the  analysis  procedure  (6.1), 

l.e.  are  the  software  and  analysis  procedure  (sehavlng  well  In  the  particular 
analysis?. 

o  Post  analysis  results  checking  (7.3), 

l.e.  are  the  analysis  results  credible?. 
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The  recomnended  first  steps  in  implementing  a  FEQA  system  are  to:~ 

o  constitute  a  technical  body  with  responsibility  and  authority  for  the  analysis 
quality  system, 

o  agree  responsibilities,  within  the  organisation,  for  each  activity  required  in  the 
QSS, 

o  review  current  practices  against  the  requirements. 

Experience  of  implementing  finite  element  quality  assurance  (ref.  16)  reveals  that 
it  is  mainly  a  process  of  unifying,  formalising  and  reinforcing  existing  practices  and 
procedures . 


TABLE  I  Correlation  of  the  Quality  Model  and  the  QSS  requirements. 


QSS 

requirement 

see 

section. 

4.1.1 

3,  (WS 

4.1.2 

5.4,  QMS 

4. 1.2.1 

4,  7,  7.1 

4. 1.2. 2 

7.3 

4.2 

6.1,  QMS 

4.3 

7.1 

4.4.2 

7.1 

4. 4. 2.1 

7.2 

4.4.3 

7.2 

4.4.4 

7.4 

4.4.5 

5.1,  5.2,  6.2 

4.4.6 

Figures  2,  3,  4 

4.5 

6.1 

4.5.1 

5.4,  6.1,  6.2,  7.1,  7.4 

4.5.2 

6.2,  7.4 

4.6.1 

5,  5.1 

4.6.2 

5,  5.2 

4.6.3 

5.3 

4.6.4 

5.5 

4.8 

5.5,  7.4,  QMS 

4.9.1 

7.2 

4.9.2 

6.1 

4.10.1 

5.1,  5.5 

4.10.3 

7.3 

4.10.4 

5.1,  6.1 

4.13 

5.1,  5.5,  7.2 

4.15.1 

5.4,  7.4 

4.17 

8.3,  QMS 

4.18 

8,  5.1,  6.2 

QMS  denotes  that  the  requirement  is  covered  by  the  parent 
Quality  Management  System  in  which  the  FE  aspects  are  implanted. 
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SUMMARY  : 

In  the  aeronautical  Industry,  the  concept  of  nuneclcal  slnulation  la  Inplenented,  at  first,  In  the 
prellnlnary  design  stage,  and  then  during  the  certification  activities  with  respect  to  the  airworthiness 
regulations.  This  Inplles  the  developnent  and  the  use  of  calculation  software,  of  which  It  Is  necessary 
to  Inprove  the  validation  at  different  levels. 

The  purpose  of  this  paper  Is  to  describe  the  different  features  of  these  validation  tests  In  the 
design,  use  and  evaluation  of  these  software  systena.  the  experience  of  the  engineer  then  plays  a  najor 
cole  In  obtaining  high  quality  aodels  In  the  design  of  aircraft  structures. 


1.  INIRODUCTION 

In  the  fcaaework  of  aircraft  project  developnent,  finite  elestent  analysis  Is  perfocned  at  each  step 
of  the  structural  design  process. 

In  the  prellnlnary  design  stage,  the  results  of  finite  elenent  analysis  nay  be  used  for  pre-slzlng 
different  structural  conponents. 

Additional  calculations  requiring  Che  stress  analysis  background  of  structural  design  specialists, 
nay  be  required  fcon  finite  elenent  results. 

During  the  progress  of  Che  structural  design,  several  revisions  of  the  analysis  nodel  are  nade.  In 
order  to  optlnlze  design  on  the  basis  of  strength  and  weight  criteria. 

Finally,  a  stress  report  according  to  airworthiness  regulations,  Is  written;  It  Is  based  upon  the 
analysis  of  the  finalized  design,  and  correlated  with  results  of  experlnencal  data  obtained  In  laboratories. 

In  Che  past,  the  nunber  of  analyses  perfocned  with  finite  elenent  Cools  was  United,  because  of  Che 
lack  of  user-friendly  Interface  for  pre-  and  post-processing  (consunlng  extensive  nanpowee),  and  because 
of  the  low  perfomance  of  conputlng  resources. 

Nowadays,  If  connunlcacion  between  designer  (with  hla  C.A.D.  facilities)  and  analyst  (with  bis  Finite 
Elenent  software  systen)  la  still  not  perfect,  Che  nunber  of  Iterations  In  the  design  process  Increases 
and  Che  conplexlty  of  real  structures  Is  represented  by  note  and  nore  refined  nodels. 

The  feet  still  renalns  chat  many  assunptlons  ace  nade  to  reduce  this  conplexlty  to  a  nanageable  level 
In  the  finite  elenent  nodel,  for  the  best  conpronlse  between  cine  saving  and  result  Interpretation,  wnlch 
Is  not  easy  for  designing  details. 

In  addition,  new  donalns  ace  opened  by  the  Finite  Elenent  Approach.  So,  this  approach.  In  the  field 
of  Idealization,  nust  be  based  on  specific  design  check  goals  :  the  suitability  of  the  design  nust  be 
Judged  on  a  variety  of  criteria  (static,  dynanlc,  stability  features.  In  linear  and  non-llneac  donalns). 

All  these  cenarks  show  the  conplexlty  of  scructural  nodelllng  which  Involves  validation  of  the 
software  Itself,  organization  of  work  and  associated  teans,  and  high  qualification  of  engineers. 


2.  IN-HOUSE  SOFTWARE  SYSTEMS 

At  Aerospatiale  (Aircraft  Dlvlalon),  finite  elenent  calculations  are  perfocned  by  an  In-house  software 
systen  called  A.S.E.L.F.  which  provides  capabilities  of  nodelllng  conventional  linear  phenonena  (static, 
buckling  analyses,  ...),  and  non-llnaar  aspects  (large  dlsplacenents,  post-buckling  ...),  optlnlsatlon 
strategy  under  static  and  dynanlc  constraints,  and  finally  Identification  techniques  (correction  of 
nodels  on  the  basis  of  test  results).  Sub-structuring  techniques  enable  very  large  problens  :  resolution 
of  linear  systens  with  two  hundred  thousand  unknowns  for  conpletely  nodelllng  an  aircraft  for  flutter 
control  studies;  to  be  dealt  with  by  the  new  generation  of  conputers  (Cray  X.N.P.). 

If  wa  Unit  our  study  to  tha  problan  of  validating  the  software  itself,  excluding  nodelllng  and  data 
problens,  a  distinction  nust  be  nade  between  two  seperete  aspects  :  the  first  concerns  exaalnatlon  of  the 
finite  elenent  library  Itself,  and  the  second,  the  software  (other  than  the  finite  elenents). 

Addition  of  a  naw  type  of  finite  elenent  always  corresponds  to  a  need  either  for  new  calculation 
posslbllltlas,  or  for  nora  accuracy  or  reliability. 

Whan  the  need  appears,  the  first  step  of  the  research  process  consists  In  studying  the  bibliography 
on  the  subject  and  finally  in  choosing  tha  right  fornulatlon  according  to  Industrial  utlllsatloa  :  cost 
and  perfomance,  robustness,  facility  of  Intecpratatlon  of  tha  results  ... 
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Oace  the  developnent  of  the  element  Inside  the  software  has  been  done,  Its  validation  then  comprises 
two  phases.  The  first  consists  In  checking  that  we  indeed  get  the  expected  results  by  making  a  comparison 
with  results  known  from  other  sources,  either  analytical,  or  published  by  other  authors  with  similar 
types  of  elements  through  other  finite  element  software  systems. 

The  second  consists  In  determining  the  validity  envelope  of  the  el*::.«nt  :  limitation  of  geometrical 
shapes,  sensitivity  to  distortion.  The  practical  validation  Is  then  obtained  by  comparison  between 
calculations  and  experimental  results  of  specimen  tests  or  existing  structures,  by  modifying  the  associated 
model.  The  Interpretation  of  the  results  must  take  Into  account  modelling  features  of  the  structure  :  mesh, 
boundary  conditions,  loads  ...  Generally,  these  comparisons  are  permanent.  In  order  to  achieve  accuracy 
of  structural  modelling. 

The  second  aspect  of  software  validation  Is  to  check  the  code  for  which,  apart  from  the  numerical 
approximations  due  to  computer  calculation  errors,  the  approximations  are  due  to  the  algorithms  used. 

It  Is  then  necessary  to  Isolate,  as  far  as  possible,  the  verification  of  these  algorithms. 

From  a  data  processing  point  of  view,  modular  architecture  makes  tests  easier.  An  algorithm  Is  checked 
similarly  to  a  type  of  finite  element.  First  of  all,  calculations  are  stade  according  to  known  results  : 
analytically  or  In  simple  and  well  Identified  situations.  Comparisons  between  calculations  and  tests  ace 
also  performed.  If  we  take  the  example  of  the  vibration  modes  of  an  aircraft,  the  frequencies  and  the 
associated  modal  shapes  ace  checked  with  those  of  the  corresponding  vibration  tests,  and  with  analysis 
of  the  considered  structural  model. 

Another  factor  of  software  evolution  Is  the  continuous  development  of  the  finite  element  method 
itself,  and  the  progressive  extension  of  Its  scope.  Research  Is  still  very  active  In  this  field.  But  from 
research  to  Industrial  application,  there  la  a  long  process  that  can  be  qualified  as  validation  In  the 
broad  sense  of  the  term,  which  cakes  some  time  In  some  cases,  for  new  analysis  domains  opened. 

Correlations  between  calculations  and  experiments  may  offer  some  Information  Co  the  critical  mind.  For 
example,  take  the  post  buckling  analysis  of  a  stiffened  panel.  Interpretation  of  the  results  of  the 
experiment  shows  that  correlations  can  only  be  made  by  taking  the  Initial  construction  imperfections  and 
Initial  stresses  Into  account.  The  practical  modelling  Chen  consists  In  Introducing  Into  the  model, 
a  very  small  geometric  Imperfection  resembling  the  deformed  shape  observed  during  testing  or,  for 
specific  loading  conditions.  That  raises  the  problem  of  previsions!  calculations,  without  performing  tests. 
Future  developments,  of  course,  will  probably  permit  such  calculations. 

General  steps  of  validation  ace  available  for  the  development  of  other  structural  analysis  methods. 

In  Che  particular  case  of  Che  boundary  element  method,  some  correlations  with  the  finite  element  approach 
are  fruitful.  In  a  more  general  way,  comparisons  with  different  methods  are  interesting  from  the  safety 
of  results  point  of  view;  especially  when  well-suited  experimental  data  ace  lacking,  for  Investigation  of 
new  analysis  domains. 


3.  EXTERNAL  SOFTWARE  SYSTEMS 

In  the  context  of  European  cooperation.  Industrial  wock-shaclng  between  each  partner  Implies 
responsibility  for  the  design  and  manufacture  of  respective  sections,  and  consequently,  finite  element 
modelling,  with  a  given  software  system.  It  can  be  software  available  on  the  market  (NASTRAN)  or  In-house 
software.  Soaw  studies  (static  load  conditions  or  flutter  calculacions)  require  modelling  the  whole 
aircraft. 

The  exchanges  of  models  between  each  partner  raise  the  problem  of  consistency  between  element 
libraries.  Each  partner  is  responsible  for  establishing  the  correspondence  between  the  finite  elements 
used  In  the  ocher  software  systems  and  those  of  the  software  he  used  himself. 

Exchanges  of  simple  representative  modelling  data  are  then  made  to  check  that  the  correspondences 
are  correct.  If  not,  the  development  of  new  types  of  element  can  be  necessary,  for  different  reasons  : 
formula  or  physical  property  representation  ... 

When  data  about  aircraft  sections  are  exchanged,  a  check  is  also  made  on  significant  load  conditions 
to  make  sure  that  good  agreement  Is  obtained  with  the  target,  to  within  a  few  percent.  Validation  of 
transfers  of  Information,  made  by  specialized  Interface  software  systems,  is  necessary;  not  only  on  the 
types  of  finite  elements,  but  on  the  way  la  which  boundary  conditions,  relations  between  degrees  of  freedom 
(different  from  one  software  system  to  another)  are  made. 

The  concept  of  standardization  of  methods  for  transferring  data  between  finite  element  software 
systems  Is  now  advancing,  via  an  extension  of  the  Aerospatiale  standard  S.E.T.,  used  before  strictly  for 
exchanges  between  C.A.D.  software  systems.  An  Interface  between  S.E.T.  and  A.S.E.L.F.  has  been  developed; 
interfaces  with  other  commercial  software  systems  are  going  to  be  launched. 

The  above  remark  Illustrates  the  desire  to  provide  the  structural  design  teams  with  a  simulation 
tool  that  has  been  validated  at  all  levels,  both  from  the  data  processing  point  of  view,  for  total 
reliability  of  operation,  and  from  the  point  of  view  of  formulation,  the  associated  algorithms  and  the 
permanent  comparisons  with  other  software  systems  (not  only  based  on  the  finite  element  method,  such  as 
the  boundary  element  approach  for  example).  The  verdict  of  all  thasa  studies  Is  the  full  scale  test  (ground 
and  flight  conditions). 
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4.  DESIGN  PBOCESS  AND  VALIDATION 

The  Structural  Departaent  la  la  charge  of  validating  design  office  drawings,  concerning  product 
definition  and  associated  sizing. 

If  a  great  effort  Is  made  to  find  the  best  Integration  between  their  respective  (and  validated)  tools, 
l.e  :  Finite  Element  Analysis  and  C.A.D.  facilities,  special  attention  Is  focused  on  work  organisation 
In  order  to  optimize  final  product  definition. 

For  the  Structural  Department,  In  order  to  provide  quantified  Information  to  design  office  teams, 
different  kinds  of  finite  element  models  are  Involved  in  the  Iterations  between  analysis  and  design, 
during  the  general  design  process. 

Simplified  models  based  on  simplified  geometry  at  the  preliminary  design  stage,  useful  for  first 
loops  of  optimization  tools,  giving.  In  particular,  sensitivity  analysis;  then  more  and  more  refined 
models,  either  for  the  whole  aircraft,  or  for  a  structural  component.  Detailed  analyses  are  necessary  to 
verify  structural  behaviour  for  the  more  complex  cases.  Updates  of  the  drafts  are  made  on  the  basis  of 
Interpretation  of  results  according  to  background  and  experience  of  engineers. 

How  can  Interpretation  be  validated  ?  The  Interpretation  Involved  In  generating  a  suitable  finite 
element  Idealization  performed  In  a  specific  analysis  goal,  or  Interpretation  of  the  model  results 
according  to  assumptions  made  to  reduce  complexity  of  the  real  structures. 

Idealization  means  geometrical  simplifications,  decisions  for  assigning  physical  properties  to  the 
model,  choices  for  Joint  modelling  and  reflection  upon  boundary  conditions. 

Some  of  the  concepts  behind  various  steps  of  Interpretation,  which  seems  Justified  for  the  analyst 
may  lead  to  results,  that  are  hard  to  Interpret  for  the  designer. 

Developments  around  post-analysis  of  the  finite  element  tool,  by  additional  calculations,  are 
sometimes  necessary.  If  rules  can  be  well  defined.  Such  Is  the  case  for  practical  design  of  fastening 
between  panel,  frames  and  stiffeners. 

Only  training,  understanding  of  structural  mechanisms  under  the  given  load,  experience  and  knowledge 
of  used  finite  element  software  features  (such  as  :  finite  element  type  behaviour)  can  provide 
satisfactory  results  for  a  successful  and  reliable  analysis,  during  design  and  certification  of  structures. 


5.  CONCLUSION 

Correct  adaptation  of  structural  analysis  software  to  technical  needs,  associated  with  training 
and  qualification  of  design  teams.  Implies  a  necessary  and  permanent  effort,  which  Is  a  consumer  of 
resources;  therefore  a  certain  Investment,  the  cost-effectiveness  of  which  Is  ensured  by  the  quality  of  the 
software  product,  the  suitability  to  requirements  and  their  evolutions. 

If  well-suited  training  Is  a  solution  to  the  satisfactory  practice  of  conventional  structural  analysis, 
the  problem  of  handling  new  complex  calculation  (non  linear  ...)  Is  raised.  Perhaps,  In  the  future, 
development  of  monitoring  systems  Implemented  Inside  software,  based  on  experience  and  knowledge  of 
technical  development  teams  may  provide  some  help  for  that  question.  Evolution  of  work  organization  will 
probably  be  necessary.  Reflection  must  start. 

From  this  point  of  view.  It  Is  extremely  advantageous  to  participate  In  workshops  for  sharing 
experience. 
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ABSTRACT 

Analysis  is  expected  to  play  an  important  role  in  the  design  and  validation  of  future 
aircraft  structures.  This  paper  points  out  a  need  for  the  development  of  professional 
standards  in  order  to  implement  the  concept  of  analytical  certification.  Standards  for 
analysis  and  criteria  for  model  definition  are  discussed  in  some  detail. 

1.  Introduction 

The  development  of  a  new  aircraft  or  a  new  derivative  is  an  expensive  and  time  consum¬ 
ing  process.  The  aerospace  industry  around  the  world  has  built  many  successful  aircraft 
over  the  years.  Much  of  the  past  success  was  due  to  extensive  test  programs  conducted 
during  the  development.  The  aircraft  development  cycle  generally  includes  a  myriad  of 
test  programs:  coupon  tests,  component  tests,  full  scale  static  and  fatigue  tests,  ground 
vibration  tests,  wind  tunnel  tests  and  flight  tests.  These  tests  are  the  primary  contributors 
to  the  ever  increasing  development  costs.  A  rational  approach  to  control  costs  is  to  increase 
emphasis  on  analytical  certification  with  necessary  (but  limited)  experimental  validation. 

The  recent  proliferation  of  commercial  and  public  domain  software,  for  analysis  partic¬ 
ularly,  points  to  the  advantages  of  analytical  certification.  Finite  element  programs  such 
as  NASTRAN,  ANSYS,  ABACUS,  ADINA  and  ASKA  are  powerful  software  systems 
that  permit  modeling  of  complex  aircraft  and  spacecraft  structures.  They  are  being  used 
extensively  by  the  aerospace  industry  around  the  world.  The  new  structural  optimiza¬ 
tion  systems,  ASTROS  (USA),  LAGRANGE  (Germany),  ELFINI  (France),  STAR  (UK), 
SAMCEF  (Belgium),  etc.  are  in  intense  development,  and  they  provide  new  opportunities 
for  the  design  of  ultra-light  weight  structures  with  stringent  performance  requirements. 
Most  of  the  modern  structural  analysis  software  is  based  on  a  finite  element  formulation, 
and  they  can  be  used  with  common  databases  and  pre  and  post  processor  software. 

These  analysis  and  optimization  systems  are  merely  sophisticated  tools.  The  success 
of  their  application  is  contingent  on  the  user’s  understanding  of  the  physical  system  being 
modeled  and  the  limitations  of  th'esoftware  system.  Availability  of  these  programs  alone 
does  not  guarantee  accuracy  of  the  analysis  or  reduction  in  computational  cost.  The 
technical  community  must  make  a  concerted  effort  and  a  long  term  commitment  to  promote 
analysis  as  a  reliable  certification  tool.  This  approach  is  particularly  appropriate  now 
because  of  the  rapid  developments  in  both  low  and  high  end  computers  and  the  consequent 
reduction  in  computational  costs.  If  all  the  benefits,  such  as,  shorter  schedules,  facility 
for  parametric  studies  and  the  potential  for  technology  transfer  are  added  up,  there  is  no 
question  that  analysis  will  play  a  key  role  in  total  quality  management.  Analysis  can  aid 
in  two  important  areas  of  technology  transfer.  Transition  of  knowledge  and  tools  from 
the  research  laboratories  and  the  methods  development  groups  to  the  applications  and 
design  offices  is  one  form  of  technology  transfer.  An  equally  important  technology  transfer 
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involves  transmission  of  lessons  learned  from  one  system  development  to  the  next.  In  both 
cases  analytical  approaches  offer  significant  cost  and  schedule  advantages. 

Analysis  as  a  certification  tool  becomes  a  reality  if  the  technical  community  establishes 
credible  requirements  in  the  form  of: 

•  Professional  standards  for  analysis 

•  Criteria  for  model  definition 

•  Certification  of  commercial  software  systems 

•  Benchmarking  for  validation 

•  Training  -  Technology  Transfer 

•  Communication  between  analysis  and  experiments 

The  scope  and  limits  of  these  requirements  are  certainly  difficult  to  define  and  need  care¬ 
ful  deliberation  before  recommending  them  to  the  community.  They  should  remain  as 
voluntary  guidelines  and  should  not  abridge  creative  applications. 

The  technical  committees  (TCS)  of  the  AIAA  (American  Institute  of  Aeronautics  and 
Astronautics)  are  addressing  some  of  these  issues.  The  Dynamics  TC  has  a  subcommit¬ 
tee  on  technology  transfer  and  training.  The  charter  of  this  subcommittee  is  to  develop 
effective  means  for  transferring  technology  developed  in  the  research  laboratories  and  the 
universities  to  industry  where  product  development  takes  place.  Similarly  the  Multidis¬ 
ciplinary  Design  Optimization  TC  has  a  subcommittee  on  benchmarking  and  validation. 
The  charter  of  this  subcommittee  is  to  develop  benchmark  problems  of  varying  degree 
of  complexity  and  to  provide  guidelines  for  modeling  the  physics  of  the  system  and  its 
environment.  A  few  years  ago  the  National  Agency  for  Finite  Element  Methods  and  Stan¬ 
dards  (NAFEMS)  in  the  UK  had  undertaken  the  admirable  task  of  developing  standards 
for  finite  element  modeling.  It  has  already  published  a  number  of  books  and  primers  and 
continues  to  orchestrate  modeling  issues  in  a  lively  magazine  called  “Bench  Mark” . 

The  purpose  of  this  paper  is  to  initiate  a  dialogue  and  to  identify  some  of  the  issues 
of  importance  in  analytical  certification.  It  is  just  a  beginning  and  by  no  means  a  well 
researched  thesis  to  make  specific  recommendations  at  this  time. 

2.  Standards  for  Analysis 

The  discussion  in  this  section  is  in  the  context  of  finite  element  analysis  (FEA)  as 
applied  to  aircraft  structures.  Why  finite  element  analysis?  Aircraft  structures  ax'egen- 
erally  built  up  of  many  structural  elements  such  as  panels,  beams  and  joints.  They  are 
articulated  and  consist  of  a  complex  arrangement  of  spars,  ribs,  skins,  spar  caps,  rib  caps, 
stiffeners  and  longerons.  Before  the  advent  of  finite  element  analysis  aircraft  designers 
made  gross  approximations,  such  as  representing  lifting  surfaces  by  equivalent  beams  or 
plates  and  the  fuselage  by  beams.  A  representation  with  rods  ajid  shear  panels  (in  the 
context  of  a  multi-cell  box  beam)  was  the  most  sophistication  that  was  available  before 
the  era  of  general  purpose  finite  element  codes  like  NASTRAN. 

Aircraft  structures  are  too  complex  or  cluttered  to  be  represented  by  single  contin¬ 
uum  models.  These  simple  models  do  not  provide  enough  accuracy  and  detailed  strength 
and  stiffness  information  to  design  modern  aircraft  where  the  performance  and  weight  re¬ 
quirements  are  extremely  stringent.  The  behavior  of  plates,  beams,  and  rods  from  which 
aircraft  structures  are  constructed  is  governed  by  one  or  more  differential  equations,  and 
they  can  be  solved  with  strict  assumptions  of  continuity  and  complex  boundary  conditions. 
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However,  when  they  all  come  together  at  the  joints,  with  their  differential  equations,  it  is 
difficult  to  establish  compatability  and  make  a  meaningful  analysis.  Finite  element  anal¬ 
ysis,  on  the  other  hand,  allows  modelling  these  discrete  structures  by  approximating  the 
differential  equations  by  algebraic  equations  which  do  not  normally  require  continuity  and 
compatability  beyond  the  first  level.  Also,  it  is  easy  to  represent  complex  boundary  condi¬ 
tions  in  simple  terms  in  a  finite  element  analysis.  An  even  more  important  consideration 
is  that  the  algebraic  equations  can  be  solved  very  efficiently  on  modern  digital  computers. 
In  response  to  this  facility  and  versatility  numerous  finite  element  analysis  codes  were  de¬ 
veloped  during  the  60s  and  70s  for  public  domain  or  commercial  purposes.  They  are  used 
extensively  for  the  analysis  of  aerospace,  mechanical,  civil  and  marine  structures.  A  partial 
list  of  frequently  used  finite  element  codes  is:  NASTRAN,  ANSYS,  ABACUS,  ADINA  and 
MARC.  Emphasis  in  the  1980s  has  been  on  the  development  of  multi-disciplinary  prelim¬ 
inary  design- programs  such  as  ASTROS.  They  also  are  based  on  finite  element  analysis. 
In  addition,  they  have  extensive  optimization  capability.  When  these  systems  are  fully 
operational,  they  can  really  bring  the  impact  of  modern  super  computers  to  the  design 
office  in  an  unprecedented  way  in  order  to  improve  the  performance  at  a  minimum  cost. 

The  purpose  of  a  finite  element  analysis  is  to  determine  the  performance  of  aerospace 
structures.  The  strength,  stiffness,  and  static  and  dynamic  aeroelastic  properties  can  be 
estimated  quite  accurately  by  analysis  with  finite  element  models.  When  the  physics  of 
the  problem  is  well  defined  by  appropriate  elements,  boundary  conditions  (geometry)  and 
loading  conditions  (fiight  environment),  a  finite  element  analysis  can  be  very  reliable  and 
cost  effective.  The  cost  of  testing  can  be  significantly  reduced  by  promoting  high  quality 
analysis. 

The  objective  of  analysis  cannot  be  achieved  without  a  disciplined  and  well  defined  ap¬ 
proach  for  developing  finite  element  models,  tracking  input  data  for  a  given  software  system 
and  validating  the  output  of  the  analysis.  The  present  analysis  practice  is  unstructured, 
and  it  is  often  difficult  to  verify  its  validity.  In  1987  a  preliminary  Data  Item  Description 
(DID)  wa'sproposed  in  an  ASIP  (Aircraft  Structures  Integrity  Program)  Conferenced^)  for 
the  delivery  of  finite  element  models.  The  DID  calls  for  three  requirements  for  presen¬ 
tation  of  finite  element  models  for  verification.  The  general  requirements  deal  with  the 
development  of  a  narrative  of  the  analysis  problem.  The  analysis  data  requirements  are 
developed  for  five  types  of  analysis.  The  output  requirements  are  for  validation  of  the 
analysis.  The  contents  of  this  DID  are  given  next. 

2.1  General  Requirements 

The  finite  element  data  supplied  must  accompany  a  problem  narrative.  This  narrative 
must  include  the  following  items: 

•  Configuration  version. 

•  Identification  of  the  documents  and/or  drawings  from  which  the  model  was  generated. 

Copies  of  these  documents  must  be  provided  if  they  are  not  available  to  the  government. 

•  A  key  diagram  showing  the  location  of  the  component  being  modeled  in  relation  to 

the  rest  of  the  structure. 

•  A  brief  description  of  the  physical  phenomena  being  modeled. 

•  A  discussion  on  the  coarseness /fineness  of  the  g.'id  selected. 

•  A  rational  explanation  for  the  elements  selected  for  the  model. 

•  An  explanation  of  the  boundary  conditions. 
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•  Materials  -  Identification  of  the  Mil  Standard  from  which  the  mechanical  properties 
were  derived.  Reasons  for  any  deviations  from  the  standard  properties. 

•  A  complete  description  of  the  flight  maneuvers  for  which  the  loading  conditions  are 
attributed. 

•  Planform  used  for  aerodynamic  analyses  showing  all  important  dimensions. 

2.2  Analysis  Data  Requirements 

The  finite  element  analysis  models  are  classified  into  the  following  five  categories: 

1.  Static  Analysis  Models 

2.  Dynamic  Analysis  Models 

3.  Aeroelastic  Analysis  Models 

4.  Heat  Transfer  Analysis  Models 

5.  Acoustic  Cavity  Analysis  Models 

2.2.1  Static  Analysis  Model  Requirements 

A  static  analysis  basically  requires  a  good  stiffness  representation.  However,  when 
gravity  loading  or  inertia  relief  conditions  are  specified,  a  good  mass  representation  is  also 
required.  This  mass  representation  must  include  both  structural  and  nonstructural  mass 
distributions.  The  finite  element  models  for  static  analysis  must  consist  of  the  following 
items  as  a  minium. 

1.  Geometry  -  (as  appropriate) 

Grid  Point  Coordinates 
Element  Types 
Element  Connections 
Coordinate  Systems 

2.  Element  Properties  -  (as  appropriate) 

Thicknesses 
Cross-sectional  Areas 
Moments  of  Inertias 
Torsional  Constants 
Fiber  Orientations 

Other  properties  as  required  for  special  elements. 
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3.  Material  Properties  -  (as  appropriate) 

Isotropic 

Anisotropic 

Fiber  Reinforced  Composites 
Temperature  Dependent  Properties 
Stress  Dependent  Properties 
Thermal  Properties 
Damping  Properties 

Other  properties  as  required  for  special  problems. 

4.  Boundary  Conditions  -  (as  appropriate) 

Single  Point  Constraints 

Multipoint  Constraints 

Partitioning  for  Reduction  or  Substructuring 

4.  Loading  -  (as  appropriate) 

Static  Loads 
Gravity  Loads 
Thermal  Loads 
Centrifugal  Loads 

Other  loading  conditions  as  required  for  special  simulations. 

For  buckling  or  nonlinear  analysis  additional  information  is  required  on  the  following  items: 

•  How  the  nonlinear  matrices  are  derived. 

•  The  method  of  solution  for  the  nonlinear  problem. 

•  A  description  of  the  method  in  the  case  of  an  eigenvalue  analysis. 

2.2.2  Dynamic  Analysis  Models 

The  dynamic  analysis  models  require  i)  geometry,  ii)  element  properties,  iii)  material 
properties,  and  iv)  boundary  conditions  as  described  for  the  static  case.  In  addition  an 
accurate  nonstructural  mass  and  damping  representation  is  required.  Generally  five  types 
of  dynamic  analysis  are  contemplated. 
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•  Normal  Modes  Analysis  or 

•  Complex  Eigenvalue  Analysis 

•  Frequency  Response  Analysis 

•  Transient  Response  Analysis 

•  Random  Response  Analysis 

In  the  first  two  cases  only  the  method  of  eigenvalue  analysis  and  the  frequency  (modes) 
range  of  interest  need  be  specified.  For  frequency  response  analysis  the  frequencies  of  inter¬ 
est  must  be  specified.  For  transient  response  analysis  the  dynamic  load  must  be  defined  as 
a  function  of  time  or  must  be  provided  as  tabular  values.  For  random  response  analysis  the 
statistical  nature  of  the  input  (such  as  PSD,  Auto  Correlation)  and  the  statistical  quan¬ 
tities  of  the  output  desired  must  be  specified.  In  addition  all  the  information  on  dynamic 
reduction  and/or  modal  reduction  must  be  specified. 

2.2.S  Aeroelastic  Models 

An  aeroelastic  analysis  requires  mathematical  models  of  the  structure  and  the  aero¬ 
dynamics.  The  structure  is  generally  represented  by  finite  element  models  (FEM).  The 
requirements  for  the  structures  models  are  as  specified  under  static  and  dynamic  analysis. 
They  include  mass,  stiffness  and  damping  representation.  Both  structural  and  nonstruc- 
tural  mass  distributions  shall  be  included  in  the  mass  model.  The  aerodynamic  models  are 
generally  based  on  paneling  or  equivalent  methods.  The  requirements  of  the  aerodynamic 
models  are  those  of  the  panel  geometry  which  covers  all  the  lifting  surfaces  including  the 
control  surfaces,  the  empennage  (horizontal  and  vertical  tiuls)  and  canard  surfaces.  The 
fuselage  slender  body  and  interference  panels  shall  be  modeled  to  represent  the  flow-field 
adequately.  The  altitude  (air  density),  mach  number  and  other  relevant  aerodynamic  pa¬ 
rameters  must  be  specified.  The.  details  of  the  aerodynamic  theory  and  the  limits  of  its 
validity  must  be  clearly  defined.  In  addition,  data  for  the  force  and  displacement  trans¬ 
formations  from  the  structural  grid  to  the  aerodynamic  grid  (and  vice  versa)  shall  be 
included  in  the  aeroelastic  models.  Two  types  of  aeroelastic  analysis  are  contemplated. 
Both  deal  with  the  phenomenon  of  aeroelastic  stability.  The  real  eigenvalue  analysis  is  the 
basis  for  determining  the  static  aeroelasti'C  stability.  There  are  a  number  of  methods  for 
determining  dynamic  aeroelastic  stability  (flutter  analysis),  and  the  details  of  the  method 
(references)  and  the  necessary  data  shall  be  provided  with  the  models.  Flutter  analysis 
is  generally  an  iterative  process  and  can  also  involve  more  than  one  flutter  mechanism. 
There  are  often  special  techniques  associated  with  the  flutter  analysis,  and  they  can  be 
defined  in  terms  of  the  ranges  of  the  aerodynamic  parameters.  Such  data  shall  be  included 
in  the  aeroelastic  models.  In  addition,  provisions  must  be  made  to  include  the  effects  of 
the  rigid  body  modes  on  the  flutter  model  (body  freedom  flutter) .  If  it  is  anticipated  that 
these  models  will  be  used  for  aeroservoelastic  analysis,  then  the  data  shall  be  provided 
for  a  state  space  formulation.  Also  sensor  actuator  locations  and  their  range  of  opera¬ 
tion  and/or  limitations  shall  be  included  in  the  data.  In  addition,  a  flight  control  system 
block  diagram  shall  be  provided  with  sufficient  information  to  define  all  transfer  functions 
and  gains  using  S-domain  variables  for  analog  systems  or  Z-domain  variables  for  digital 
systems.  The  units  of  important  parameters  shall  be  provided. 

2.2.4  Heat  Transfer  Analysis  Models 

There  are  three  elements  to  heat  transfer  models:  the  heat  conducting  medium,  the 
boundary  conditions  and  the  heat  sources  and/or  sinks.  The  data  requirements  for  the  heat 
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conducting  medium  are  similar  to  those  defined  for  static  and  dynamic  analysis.  For  in¬ 
stance  the  geometry  definition  includes  the  grid  point  coordinates,  element  types,  element 
connections  and  coordinate  systems.  Elements  can  be  classified  into  volume  heat  conduc¬ 
tion  and  surface  elements.  The  element  type  designation  for  the  volume  heat  conduction 
element  is  generally  derived  from  the  degree  of  approximation  of  its  shape  functions.  The 
surface  elements  are  used  to  model  a  prescribed  heat  flux,  a  convective  flux  due  to  the 
difference  between  the  surface  temperature  and  the  recovery  temperature  or  local  ambient 
temperature,  and  radiation  heat  exchange.  Appropriate  material  properties,  single  point 
and  multipoint  boundary  conditions  and  description  of  the  heat  sources  (applied  forces) 
have  a  similar  correspondence  in  the  static  and/or  dynamic  analysis.  The  surface  heat 
convection  or  radiation  details  shall  be  provided  (through  surface  elements)  as  appropri¬ 
ate.  The  response  variables  in  heat  transfer  analysis  are  generally  grid  point  temperatures 
or  the  temperature  gradients  and  heat  fluxes  within  the  volume  heat  conduction  elements 
and  the  heat  flow  into  the  surface  elements.  Four  types  of  heat  transfer  analysis  are 
contemplated: 

1.  Linear  Steady-State  Response  Analysis 

2.  Linear  Transient  Response  Analysis 

3.  Nonlinear  Steady-State  Response  Analysis 

4.  Nonlinear  Transient  Response  Analysis 


It  is  often  necessary  to  adopt  special  techniques  for  obtaining  stable  solutions,  par¬ 
ticularly  in  the  last  two  cases.  The  data  pertaining  to  these  special  techniques  and  the 
limitations  of  the  nonlinear  algorithms  shall  be  fully  identified. 

2.2.5  Acoustic  Cavity  Analysis  Models 

Basically  there  are  three  elements  in  acoustic  cavity  analysis  models:  the  acoustic 
medium,  the  boundaries,  and  the  sources  of  excitation.  The  acoustic  medium  model  shall 
consist  of  grid  points  and  acoustic  elements  connecting  these  grid  points.  The  response 
variables  are  generally  the  pressure  levels  and  the  gradients  of  the  pressures  (with  respect 
to  the  spatial  variables)  at  the  grid  points.  So  for  a  general  three  dimensional  acoustic 
analysis  there  will  be  four  degrees  of  freedom  per  node  (corresponding  to  four  response 
variables)  in  an  acoustic-medium  model.  The  properties  of  the  acoustic  medium  can  vary 
with  the  temperature  and  pressure  distribution  and  density.  The  boundaries  of  the  acoustic 
model  can  be  solid  walls,  flexible  walls,  openings  in  the  walls  and  walls  with  acoustic 
material  which  can  be  represented  as  a  complex  acoustic  impedance.  For  complicated 
boundary  conditions  separate  finite  element  models  may  be  necessary  in  order  to  derive 
the  boundary  conditions  for  the  acoustic  model.  These  finite  element  models  are  based  on 
solid  mechanics  and  their  data  requirements  are  similar  to  those  described  for  the  static 
and  dynamic  analysis  earlier.  The  acoustic  excitation  source  model  shall  have  information 
on  the  spatial  distribution  and  the  statistical  properties  (in  terms  of  the  frequency  content) 
of  the  noise.  For  a  deterministic  case,  however,  definition  of  the  forcing  function  includes 
the  magnitude,  phasing  and  frequency  along  with  the  spatial  distribution.  The  acoustic 
excitation  is  generally  given  as  velocity  or  pressure  applied  to  the  medium  over  prescribed 
surfaces  or  at  gird  points.  If  the  disturbance  is  from  mechanical  sources,  separate  finite 
element  models  of  the  sources  shall  be  supplied  as  required.  These  models  are  also  generally 
solid  mechanics  models  and  their  requirements  are  similar  to  static  and  dynamic  analysis 
models.  Generally  three  types  of  acoustic  analysis  are  contemplated. 
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•  Eigenvalue  Analysis 

•  Steady-State  Solution 

•  Nonlinear-Analysis 


In  the  eigenvalue  analysis  the  acoustic  frequencies  and  mode  shapes  are  determined.  The 
purpose  is  to  compare  the  natural  frequencies  of  the  cavity  with  those  of  the  forcing  function 
and  estimate  the  resonance  effects,  and  to  compare  the  natural  frequencies  to  the  resonant 
frequencies  of  any  structure  which  may  be  placed  in  the  cavity.  This  analysis  provides  useful 
information  for  design  changes  in  the  cavity  either  by  altering  the  overall  dimensions  or  by 
introducing  noise  suppression  mechanisms  such  as  baffles  or  by  adding  noise  suppression 
material  to  introduce  acoustic  wall  impedance.  This  analysis  does  not  require  explicit 
definition  of  the  forcing  function.  The  steady-state  solution  gives  the  response  of  the 
cavity  to  a  given  excitation.  This  analysis  can  be  in  the  time  or  frequency  domain.  The 
nonlinear  analysis  involves  an  iterative  solution  when  the  properties  of  either  the  cavity  or 
the  acoustic  medium  vary  significantly  with  the  pressure  levels  and/or  temperature. 

2.3  Other  Requirements 

In  addition  to  the  input  data  a  summary  of  output  results  (such  as  defiections,  stresses, 
frequencies,  etc.  at  critical  areas)  shall  be  provided  for  future  validation  of  the  models. 
Also  a  brief  description  of  how  these  results  were  used  to  satisfy  a  specific  design  criteria. 

3.  Criteria  for  Model  Definition 

The  criteria  for  model  definition  is  discussed  in  the  context  of  design  optimization 
using  software  systems  such  as  ASTROS.  Similar  observations  are  valid  in  the  case  of  just 
an  analysis  as  well. 

The  designer  is  often  in  a  quandry  as  to  what  level  of  detail  (finite  element  model)  is 
appropriate  for  optimization  in  preliminary  design.  The  distinction  between  global  and  lo¬ 
cal  (detailed)  models  is  the  key  to  answering  this  question.  The  global  models  are  intended 
for  predicting  the  overall  response  such  as  the  stiffness  (displacements),  the  dynamic  char¬ 
acteristics  (such  as  natural  frequencies),  the  static  and  dynamic  aeroelastic  response,  etc. 
The  stress  information  derived  from  such  models  is  approximate  and  represents  only  an 
average  over  a  region.  In  spite  of  this  limitation  it  is  not  advisable  to  include  the  details 
of  cutouts,  connections,  exact'stiffener  configurations  etc.  in  the  global  models.  Although 
these  details  are  important  in  structural  life  prediction,  their  effect  on  the  overall  response 
is  not  significant  enough  to  justify  their  inclusion  in  the  global  models.  Moreover,  their 
presence  disrupts  the  overall  load  path  selection  in  optimization  and  produces  unrealistic 
(undesirable)  sculptured  designs.  The  local  models,  on  the  other  hand,  are  more  appropri¬ 
ate  for  predicting  the  effects  of  stress  concentration,  and  fatigue  and  fracture  properties, 
etc.  However,  these  details  cannot  be  ignored  in  preliminary  design,  because  optimization 
becomes  counter  productive  if  the  design  requires  significant  modification  afterwards.  The 
purpose  of  this  paper  is  to  outline  a  procedure  to  account  for  the  local  effects  in  a  global 
design  optimization  by  modifying  the  strength  criteria.  As  an  example,  the  procedure  is 
outlined  in  the  context  of  the  local  buckling  of  metal  and  composite  panels.  Similarly  the 
impact  damage  in  composites  and  fatigue  and  fracture  in  metals  can  be  brought  into  the 
preview  of  the  definition  of  strength  criteria. 
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3.1  Panel  Buckling  Analysis 

The  mathematical  model  of  an  airframe  structure  consists  of  a  number  of  panels.  Each 
of  these  panels  is  modeled  by  one  or  more  finite  elements.  Optimization  of  the  structure 
using  a  finite  element  model  requires  the  definition  of  a  strength  constraint.  The  object 
is  to  define  this  constraint  in  such  a  way  that  the  panel  does  not  buckle  under  the  service 
load.  Two  aspects  of  buckling  are  excluded  from  this  discussion.  A  detailed  buckling  model 
is  considered  impractical  in  a  global  optimization  model.  Similarly,  allowing  for  buckling 
and  possible  reconfiguration  of  the  load  paths  for  examining  post  buckling  behavior  is  not 
a  part  of  this  discussion. 


Ny 


Fig.  1:  Rectangular  Panel  and  Loading 

An  anisotropic  rectangular  plate  supported  on  one  or  more  sides  and  subjected  to  the 
loading  in  Fig.  1  is  likely  to  buckle.  The  buckling  condition  is  governed  by  the  partial 
differential  equation^^’^) 


d^w  d^w  d^w 

where  w  is  the  transverse  displacement  of  the  plate  when  it  buckles.  Nx,Ny  and  N^y 
are  the  stress  resultants  at  the  edges.  The  coefficients  D  are  the  elements  of  the  fiexural 
rigidity  matrix  shown  in  the  relation 
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The  mid-surface  strains,  e,  and  the  curvatures,  if,  are  related  to  the  stress  and  moment 
resultants  through  the  A,B  and  D  matrices  and  their  elements  are  given  by 
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The  Q  matrix  relates  the  stresses  and  strains  through  the  generalized  Hooke’s  Law. 

The  relationship  between  the  stress  resultants  and  the  strains  is  through  the  A  matrix, 
while  the  moment  resultants  are  related  to  the  curvatures  through  the  D  matrix.  The 
coupling  between  stretching  and  bending  is  through  the  matrix,  B.  For  a  symmetric 
laminate  H  is  a  null  matrix  which  signifies  tmcoupled  behavior.  The  phenomenon  of 
buckling  as  discussed  in  this  paper  is  only  relevant  in  the  latter  case.  Only  the  elements 
of  the  D  matrix  are  relevant  in  determining  the  buckling  loads  on  the  plate.  For  a  layered 
composite  plate  computation  of  the  D  matrix  involves  integration  over  the  thickness  of 
the  individual  layers  and  the  transformation  of  the  elastic  constants  matrices  to  a  common 
reference  axis.  Point  stress  analysis  programs  such  as  SQ  5^^)  have  such  a  facility,  or  they 
can  be  generated  with  relative  ease. 

When  the  principal  directions  of  the  symmetric  laminate  (directions  of  the  maximum 
and  minimum  stiffiuess)  coincide  with  the  axis  of  the  rectangular  panel  (parallel  to  the 
edges),  the  fiexural  rigidity  coefficients  Di^  and  D26  would  be  zero  and  equation  1  reduces 
to  the  well  known  biharmonic  equation 


For  an  isotropic  plate,  the  coefficients  are  given  as 


Dll  =  D22  =  ^12  +  2I?66  — 


12(1  -  */») 


There  are  a  number  of  methods  available  for  the  approximate  solution  of  Eq.  1  in  order 
to  obtain  the  buckling  load.  Galerkin’s  method,  a  series  solution,  and  the  finite  difference 
method  are  appropriate  methods  for  the  solution  of  the  differential  equation.  Rayleigh- 
Ritz  and  the  finite  element  method  are  also  appropriate  when  the  formulation  starts  with 
the  potential  energy  of  the  system.  The  aspect  ratio,  the  boundary  (support)  conditions 
of  the  plate,  the  thickness  to  one  of  the  sides  ratio  and  the  material  mechanical  properties 
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are  factors  affecting  the  buckling  load.  In  the  case  of  layered  composite  plates  the  stacking 
sequence  of  various  ply  orientations  and  their  percentages  also  affect  the  magnitude  of  the 
buckling  load.  For  a  given  aspect  ratio  and  boundary  conditions,  the  buckling  load  is  a 
function  of  the  elements  of  the  D  matrix. 


N, 


"xy 
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Fig.  2:  Independent  Edge  Loads 


The  solution  of  Eq.  1  can  be  obtained  for  separate  edge  loads  as  shown  in  Fig.  2 
and  then  they  can  be  superimposed  in  the  sense  of  an  approximate  interaction  formula 
discussed  in  the  next  section.  Alternatively,  a  combined  solution  can  be  obtained  by 
assuming  a  proportional  change  in  Ng^Ny  and  N^y.  The  proportionality  relationship  is 
derived  from  the  global  finite  element  analysis  (discussed  in  the  next  section). 

S.2  Relationship  Between  the  Global  Analysis  and  Panel  Buckling 

Analysis  by  programs  such  as  ASTROS  and  NASTRAN  is  based  on  finite  element 
models.  The  panel  in  such  a  model  consists  of  one  or  more  finite  elements  covering  the  area 
between  major  stiffening  components  such  as  spars  and  ribs  or  longerons  and  transverse 
frames,  etc.  Panel  buckling  analysis  is  generally  based  on  idealized  square  or  rectangular 
plates,  subject  to  uniformly  distributed  edge  forces  as  in  Fig.  1.  The  panels  in  real 
structures  are  not  necessarily  idealized  rectangular  plates,  and  also  the  internal  loads 
from  the  finite  element  analysis  (the  displacement  method  in  particular)  do  not  come  as 
distributed  edge  forces.  The  natural  element  force  output  of  a  finite  element  analysis  is 
a  set  of  discrete  nodal  forces  or  average  stresses  in  the  elements.  It  is  necessary  to  make 
some  approximations  in  order  to  establish  a  correspondence  between  the  finite  element 
model  and  the  usual  panel  buckling  analysis.  An  alternative  to  this  procedure  is  to  make  a 
panel  buckling  analysis  using  local  (refined)  finite  element  models.  Panel  buckling  analysis 
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using  a  finite  element  model  is  an  unnecessary  complication  and  involves  needless  expense 
in  terms  of  modeling  time  and  computational  cost. 


A  procedure  for  deriving  an  approximate  rectangular  panel  from  a  non-rectangular 
panel  is  shown  in  Fig.  3. 


(a) 


Fig.  S:  Panel  Idealization 


(M 


The  points  A,  B,  C  and  D  are  the  mid>pointsof  their  respective  side.  The  longest  of  the  two 
lines  AB  and  CD  is  designated  as  the  panel  length,  ‘‘a” ,  and  the  shorter  length  b  then  "b” . 
The  approximate  rectangular  panel  with  sides  a  and  b  is  shown  in  Fig.  3b.  The  quality  of 
this  approximation  deteriorates  as  the  angle  between  the  two  lines  AB  and  CD  deviates 
from  90".  The  new  reference  axes  for  the  panel  b  the  line  AB  and  its  perpendicular  line. 

From  the  finite  element  analysis,  the  average  strains  in  the  quadrilateral  panel  f^Fig.  3a) 
can  be  obtained  in  the  element  local  coordinate  system,  and  they  are  designated  by  the 
strain  matrix,  e.  This  strain  matrix  can  be  transformed  to  e'  with  respect  to  the  new 
coordinate  system  by  using  the  relationship  (Mohr’s  circle  transformation) 

e'  =  re  (8) 

where  r  b  the  rotational  transformation  matrix. 

The  corresponding  approximate  edge  forces  can  be  determined  from  the  relation 
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for  a  layered  composite  plate  the  matrix  A  b  the  same  as  that  indicated  in  Eq.  2. 
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The  buckling  loads  for  the  three  separate  edge  loads  can  be  expressed  as  a  function  of 
the  elements  of  the  matrix  D.  The  three  buckling  load  designations  are  shown  in  Fig.  2. 
The  effective  stress-ratio  corresponding  to  the  buckling  of  the  panel  can  be  written  as 


(10) 


The  stress  resultants  Ngi,Nyi  and  N^tyi  are  determined  from  Eq.  0,  and  the  critical  buck¬ 
ling  stress  resultants  N^t^Nyi  and  for  the  three  edge  loads  in  Fig.  2  are  determined 
from  the  panel  buckling  formulas  available  in  the  literature. 

The  ESR  computation  in  Eq.  10  would  not  be  valid  when  one  or  two  of  the  buckling 
loads  in  the  denominator  are  very  small  compared  to  the  largest  buckling  load.  In  such 
cases  the  terms  corresponding  to  the  lower  buckling  load  should  be  neglected. 

If  the  value  of  the  ESR  is  greater  than  1,  the  panel  is  assumed  to  be  buckled  and 
otherwise  not.  If  the  panel  has  buckled,  then  the  new  strength  constraint  for  the  panel 
can  be  defined  as 

Y  _  '^old 

~  ES5 

where  Xqld  Is  the  strength  allowable  defined  in  the  previous  optimization  run.  This 
process  of  redefining  the  strength  allowable  is  repeated  for  all  the  panels.  Then  the  opti¬ 
mization  is  repeated  with  the  new  strength  allowables. 

This  process  becomes  even  simpler  for  metal  panels,  since  the  A  and  D  matrices 
can  be  written  as  explicit  functions  of  the  two  elastic  constants  and  the  thickness  of  the 
plate.  Simple  panel  buckling  formulas  are  available  for  metal  panels  with  a  variety  of 
edge  boundary  conditions  and  aspect  ratio  V'alues.  The  colunm  buckling  formulas  are 
even  simpler.  They  can  be  checked  in  a  similar  fashion,  and  strength  constraints  can  be 
redefined  if  necessary. 

The  procedure  outlined  here  for  checking  the  local  buckling  effects  is  quite  simple  and 
can  be  implemented  with  relative  ease  in  a  standard  finite  element  analysis. 

A  similar  procedure  will  be  presented  in  Ref.  5  to  account  for  the  requirements  of 
fatigue,  fractxire,  and  crack  propagation.  Basically,  this  procedure  outlines  a  simple  way 
to  define  the  strength  constraints  based  on  durability  and  damage  tolerance  requirements. 

The  essential  point  of  this  section  is  to  promote  the  concept  of  separate  global  and 
local  models  in  the  interest  of  analysis  reliability.  The  communication  between  the  models 
can  be  established  indirectly.  More  details  of  this  approach  are  forthcoming  in  Ref.  5. 


4.  Certification  of  Commercial  Software 

The  concept  of  software  certification  arotues  serious  controversy,  and  the  commercial 
developers  will  strongly  resist  third  party  intervention.  Fear  of  abridgement  of  their  pre¬ 
rogatives  and  the  bureaucracy  generally  associated  with  any  certification  process  are  the 
underlying  cause  for  this  aversion.  Their  argument  is  that  natural  selection  in  an  open 
market  environment  well  weed  out  the  substandard  codes.  Although  there  is  a  strong  case 
for  this  argument,  it  takes  time,  and  often  damage  is  done  before  this  happens.  It  is  not 
unreasonable  to  demand  from  commercial  vendors  that  they  spend  at  least  a  fraction  of 
their  marketing  effort  in  identifying  the  limitations  of  their  codes.  Controversy  is  only  part 
of  the  impediment  to  certification.  A  more  difficult  issue  is  how  and  who  is  qualified  to  do 
such  certification.  Technical  Societies  are  probably  best  qualified  to  address  this  issue. 
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5.  Benchmarking  for  Validation 

The  purpose  of  benchmarking  is  to  develop  standard  test  cases  for  verification  of  new 
analysis  methods  and/or  software  systems.  The  test  cases  should  be  designed  to  highlight 
the  basic  physics  of  the  system  and  its  environment  and  not  the  special  features  of  a 
particular  software  system.  Some  of  the  AIAA  committees,  with  the  support  of  the  research 
laboratories,  the  universities  and  the  aerospace  industry,  are  interested  in  the  development 
of  benchmark  problems. 

6.  Conclusions 

Analytical  certification  offers  the  best  opportunity  for  reducing  development  costs  and 
improving  the  quality  of  the  system.  The  ongoing  efforts  by  the  technical  societies  and  the 
research  laboratories  should  yield  effective  guidelines  for  increasing  the  role  of  analysis  in 
product  development. 
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SUNNARY 

Since  the  use  of  composite  materials  Is  largely  extended  In  aircraft  construction.  It  Is  necessary  to 
develop  analytical  calculations  to  avoid  the  present  dependency  on  structural  tests. 

With  that  objective  a  test  plan  of  25  representative  specimens  of  9  different  shear  webs  geometries 
with  accessing,  Inspectloning  or  lightening  holes,  enveloping  the  A320  tallplane  design,  has  been  performed. 
Including  simulated  defects  and  Impacts  for  two  environmental  conditions. 

Finite  element  linear  and  nonlinear  analysis,  using  a  very  refined  mesh,  has  been  performed  to  corre¬ 
late  test  results.  Very  good  correlation  has  been  found  even  In  the  post  buckling  behaviour  of  the  structure. 

This  analysis  allows  the  prediction  of  the  postbuckling  capability  of  these  structural  elements,  and 
the  derivation  of  a  failure  criteria. 

1.  INTRODUCTION 

As  a  part  of  the  development  tests  for  designing  the  Airbus  320  Horizontal  Tallplane  completely  made 
In  carbon  fiber,  tests  were  perfonne  in  1.985  and  1.986  on  representative  specimens  of  structural  elements, 
designed  to  withstand  In-plane  soeat  loads  only,  and  containing  large  holes  for  accessing,  Inspectloning  or 
lightening  of  structure.  These  structural  elements  are  spar  webs  and  ribs  (see  Fig.  1.1). 

The  philosophy  for  oes' ..ning  spar  webs  and  ribs  with  large  holes  Is  different  because  spar  webs  are 
highly  loaded  structural  elements  whilst  ribs  are  low  loaded.  Therefore,  to  design  ribs  It  Is  sufficient 
to  develop  buckling  criteria  though  In  contrast  to  design  spars  webs.  It  Is  necessary  to  develop  strength 
and  buckling  criteria. 

On  the  other  hand,  for  designing  both  spar  webs  and  ribs,  environmental  conditions  and  damage  tolerance 
must  be  considered. 

The  main  objectives  of  these  tests  were: 

1.  To  determine  the  validity  of  stress/straIn  analysis  procedures  taking  Into  account  environmental 

conditions  and  damage  tolerance. 

2.  To  derive  failure  criteria  for  both  structural  elements  taking  Into  account  environmental  condi¬ 
tions  and  damage  tolerance. 

Tests  performed  on  spar  web  specimens  show  a  very  Important  nonlinear  behaviour  In  the  vicinity  of 
the  buckling  load.  Analysis  performed  with  finite  element  models  (F.E.M.)  and  analytical  calculations  show 
good  agreement  even  In  non-linear  zone.  Furthermore,  It  has  been  possible  to  develop  a  failure  criteria 
considering  strength  and  stability  aspects  for  these  elements. 

On  the  other  hand,  tests  performed  on  rib  specimes  show  a  good  correlation  with  buckling  load  predicted 
by  F.E.M.  allowing  derivation  of  failure  criteria  from  buckling  load. 

Therefore,  the  studies  allow  the  design  of  these  types  of  structural  elements  without  the  need  to 
perform  more  structural  tests. 

2.  TEST  DETAILS 

SPECIMENS  DESCRIPTION: 

The  test  specimens  were  defined  for  the  3  most  critical  areas  of  both  front  and  rear  spars,  and  for 
3  ribs,  summing  25  specimens,  summarized  In  table  2.1. 

They  were  made  from  Hexcel  T300/F593  graphite/epoxy  plain  woven  cloth.  Its  properties  are  listed  In 
table  2.2. 

Geometries,  thicknesses  and  ply  layups  of  these  specimens  are  shown  In  figures  2.1  to  2.9.  In  these 
figures  It  can  be  seen  that  specimes,  representing  front  and  rear  spars  have  a  plain  hole  and  those  of  the 
ribs  have  a  flanged  hole,  which  was  expected  to  give  the  shear  panel  better  buckling  resistance.  It  can  be 
seen  *tn  fig.  2.9  that  RIO  have  a  special  design  with  cut-outs  which  allow  the  continuity  of  the  skin  stiffen 
ers  In  the  real  structure;  therefore,  the  existing  geometric  stress  concentration  In  those  cut-outs,  has 
been  considered  with  these  representative  specimes  although  this  design  aspect  Is  nos  handled  In  this  docu¬ 
ment. 


All  web  layups  are  symmetric  laminates  and  therefore  specially  orthotropic. 

Some  specimens  have  stiffeners  which  were  designed  to  give  simple  support  condition  to  the  webs.  The 
stiffeners  are  Integral  co-cured  parts  with  the  web. 

LOADING  AND  SUPPORT: 

Specimens  RS12I3  and  FS1112  (according  to  table  2.1)  were  defined  as  a  beam  loaded  1n  3  -  point  bending 
In  which  the  web  was  the  actual  test  specimen  (see  Fig.  2.10). 

The  rest  of  the  specimens  were  defined  to  be  loaded  In  a  picture  frame  as  Is  shown  In  figure  2.11. 
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The  choice  of  text  fixture  was  determined  by  specimen  aspect  ratio.  Specimens  with  aspect  ratio  greater 
than  3.0  were  tested  as  beams  In  order  to  prevent  load  Introduction  problems  such  as  concentration  In  the 
corners. 

Loading  of  the  picture  frame  was  performed  by  applying  tension  to  diagonally  opposite  corners,  using 
a  hydraulic  jack.  The  beam  specimens  were  simply  supported  at  both  ends  and  loaded  at,  or  near,  the  center 
by  a  single  hydraulic  jack  as  Is  shown  In  figure  2.10. 

INSTRIMENTATION: 

Specimens  were  mounted  with  back-to-back  strain  gauges  located  at  critical  positions.  The  generalized 
Installation  plan  Is  shown  1n  the  figures  2.12  and  2.13. 

C0NDITI0NIN8: 

The  Influence  of  defects  and  moisture  content  was  Investigated. 

Some  of  the  rear  spar  and  rib  specimens  (RS0203-3,4,5  ;  R10-5;6),  as  Is  Indicated  In  table  2.1,  were 
fabricated  Including  artificial  defects,  and  Impacts  were  performed  at  more  critical  locations. 

Figures  2.14  and  2.15  show  the  Introduced  damages  and  defects. 

Furthermore,  these  specimens  were  conditioned  reaching  the  moisture  content  corresponding  to  the  equi¬ 
librium  for  70%  RH  to  achieve  Its  end-of-llfetime  moisture  content  (0.88X  normalized  to  a  resin  content  of 
40X  by  volume)  and  were  tested  at  70  QC  (hot/wet  condition). 

3.  PRESENTATION  OF  TEST  RESULTS 

SPECIMENS  TESTED  IN  RT/DRY  CONDITION  WITHOUT  DEFECTS: 

Figures  3.1,  3.2  and  3.3  show  the  different  behaviours  of  the  specimens  tested.  They  show  the  varia¬ 
tion  of  axial  strain  gauge  readings  versus  applied  load  by  the  hydraulic  jack,  according  to  figures  2.12 
and  2.13. 

Figure  3.1  presents  exactly  the  results  of  the  specimen  RS0203-1  which  are  similar  to  the  rest  of  rear 
and  front  spar  specimens  except  for  RS1213-1,  FS1112-1  and  FS1112-2.  The  behaviour  of  these  3  latter  speci¬ 
mens  Is  given  by  the  figure  3.2  which  corresponds  exactly  with  the  FS1112-2  specimen.  The  difference  between 
these  two  behaviours  Is  because  In  RS1213-1,  FS1112'1  and  FS1112-2  a  point  of  strain  divergence  appears 
clearly  as  Is  shown  In  figure  3.2  located  as  “estimated  buckling  load". 

Figure  3.3  shows  exactly  the  strain  gauge  readings  of  the  specimen  R7-1  which  are  similar  to  the  rest 
of  rib  specimens.  This  figure  reveals  a  behaviour  similar  to  figure  3.2  for  the  gauge  readings  located  near 
the  flanged  area  of  the  hole,  but  In  the  flat  area  of  the  panel  (see  Fig.  2.13  to  locate  the  strain  gauges). 
The  strain  gauge  readings  at  the  edge  of  the  hole  are  different  since  the  hole  flange  does  not  lie  In  the 
same  geometric  plane  as  the  remaining  panel,  and  the  applied  shear  moving  from  panel  plane  to  flange  plane 
causes  a  moment  around  the  flange. 

The  specimens  failure  mode  Is  sketched  In  figures  3.4  and  3.5  which  show  the  crack  positions  of  the 
panels. 

Failure  data  of  rear  and  front  spar  specimens  are  summarized  In  table  3.1.  Table  3.2  gives  failure 
data  of  rib  specimens. 

Estimated  buckling  data,  according  to  figures  3.2  and  3.3,  are  Included  In  tables  3.3  and  3.4  for  spar 
and  rib  specimens,  respectively. 

It  should  be  emphasized  that  specimen  FS0607-1  did  not  fall  because  this  test  was  stopped  due  to  frame 
problems,  and  that  the  beams  specimens  RS1213-1  and  RS1213-2  failed  prematurely  due  to  flange  crippling  and, 
consequently,  did  not  fall  at  the  hole  edge. 

SPECIMENS  TESTED  IN  HOT/NET  CONDITIONS  WITH  DEFECTS: 

Table  3.1  gives  the  results  for  the  rear  spar  specimens.  The  greatest  strength  reduction  from  the 
RT/DRY  without  defect  tests  Is  approximately  30X  but  the  failure  mode  and  type  of  behaviour  described  before 
did  not  change.  It  Is  not  clear  whether  the  higher  failure  loads  of  specimens  RSig203-4  and  RS0203-5  were  due 
to  the  lower  moisture  content  or  the  difference  between  defect  types,  delaminations  or  scratches. 

The  results  for  specimens RIO-S and RlO-6 are  summarized  In  table  3.2.  It  can  be  seen  that  no  Influence 
of  hot/wet  conditons  together  with  defects  can  be  found  clearly  on  the  specimen  failure  load.  Futhermore, 

It  can  be  seen  that  Influence  of  vertical  stiffeners  on  rib  strength  Is  Insignificant. 

4.  ANALYSIS 

The  analysis  have  been  performed  developing  analytical  calculations  and  finite  element  models  (F.E.N.), 
handling  linear,  buckling  and  geometric  non-linear  analysis. 

FINITE  ELEMENT  MODELS: 

Figure  4.1  shows  the  F.E.M.  for  the  specimen  RS0203  (F.E.N.  type  1).  The  F.E.M.  shown  In  figure  4.2 
have  been  used  for  the  rest  of  rear  and  front  spar  specimens,  altering  the  dimensions  and  thicknesses  to 
represent  the  different  configurations  (F.E.M.  type  2).  Figure  4.3  shows  the  F.E.M.  for  specimen  RS0203 
modified  changing  the  plain  hole  by  a  flanged  hole  to  study  this  concept  of  hole  design  which  corresponds 
to  R5,  R7  and  RIO  specimens  (F.E.N.  type  3).  Furthermore,  two  F.E.M.  were  performed  corresponding  to  speci¬ 
mens  R-10,  with  and  without  stiffeners,  to  study  their  buckling  behaviour  which  are  shown  In  figure  4.7. 

All  models  consist  of  cuadrilateral  and  triangular  2  -  dimensional  plate  elements  only.  Also,  all  were 
constrained  representing  simple-support  condition  and  were  loaded  at  the  edge  nodes  simulating  a  uniform 
shear  flow. 

Linear  and  buckling  analyses  were  performed  using  NASTRAN  F.E.N.  program,  and  geometric  non  linear 
analyses  were  done  using  ARGUS  F.E.M.  program. 
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The  linear  analysis  oerformed  on  type  land  2  F.E.M. reveals  maximum  concentration  of  cincunferential 
stresses  at  450,  1350,  225®  and  3150  as  is  shown  in  figure  4.4.  The  maximum  value  of  the  concentration  factor 
is  in  the  range  6.5  to  7.25  for  the  indicated  F.E.M. .  These  values  were  obtained  extrapolating  results  of 
plate  F.E.M.  elements  near  the  hole  edge.  Also,  the  analysis  reveals  that  the  larger  the  holes,  the  larger 
the  affected  area.  However,  considering  the  distance  from  the  hole  edge  at  which  the  axial  stress  returns 
to  its  nominal  value  (1.0),  it  can  be  seen  that  this  occurs  at  approximately  50%  of  the  hole  diameter.  In 
addition,  the  distance  at  which  the  concentration  factor  became  2  is  aproximately  25%  of  the  hole  diameter. 
Also,  this  analysis  reveals  concentrations  of  in-plane  shear  stress  at  OO,  900,  1800  and  2700,  as  is  shown 
In  figure  4.4.  Maximum  concentration  factor  for  these  F.E.M.  la  1. 8-2.1.  Again,  larger  holes  affect  a  bigger 
area.  However,  the  peak  values  occur  at  approximately  2SZ  of  the  diameter  for  F.E.M.  and  these  concentrations 
don’t  decay  rapidly.  This  analysis  for  the  type  3  F.E.M.  gives  complex  results  because  the  hole  flange  does 
not  lie  In  the  same  plane  as  the  rest  of  F.E.M.  and  consequently  moments  appear  around  the  flange.  The  figure 
4.5  shows  the  different  concentrations. 

Buckling  analysis  carried  out  with  type  1,  2  and  3  F.E.M.  reveals  the  buckling  modes  shapes  shown  in 
figure  4.6.  Various  modes  are  shown  together  with  its  load  level  factor  refered  to  the  first  mode.  It  has 

been  found  that  the  panel  with  flanged  hole  has  approximately  (4%  difference)  the  same  buckling  load  as  the 

same  panel  without  hole,  whereas  the  panel  with  plain  hole  shows  40%  reduction  in  the  buckling  load  level 

as  respect  the  same  panel  without  hole.  As  the  panel  with  flanged  hole  is  not  symmetric,  it  could  be  expected 

to  obtain  different  results  depending  on  the  sense  of  the  load  but  results  have  shown  that  the  buckling  load 
level  is  approximately  the  same  (3%  difference).  Also  the  mode  shape  is  the  same,  as  can  be  seen  in  the  figure 
4.6. 

Buckling  analysis  performed  with  F.E.M.  corresponding  to  Rib-10  specimens  with  and  without  stiffeners 
reveals  the  buckling  mode  shapes  shown  in  figures  4.7.  It  can  be  seen  that  F.E.M.  with  stiffeners  show  buckle 
wave  on  the  hole,  whilst  F.E.M.  without  stiffeners  show  buckle  waves  between  holes. 

The  buckling  analysis  is  needed  in  order  to  specify  properly  the  load  increments  for  the  geometric  non¬ 
linear  analysis,  to  avoid  numerical  problems  near  the  buckling  load.  Geometric  non-linear  analysis  was  performed 
for  the  F.E.M.  corresponding  to  specimens  FS1112,  RS0203  and  RS0405.  The  results  are  presented  in  detail  in 
chapter  5. 

ANALYTICAL  CALCULATIONS: 

Stress  Concentration: 

Analytical  solution  of  stress  concentration  around  all  elliptical  opening  in  an  infinite  elastical  ani¬ 
sotropic  plate  under  shear  stresses  can  be  found  in  chapter  6  of  reference  1: 


oi  Lb  I _ _ 

~  p  -  itlieo»t)(aaen0  -  mieosfi 
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where  I*  =  o*  +  6’ 

r,  8.  a  and  b  are  given  in  figure  4.8 

Ml,  and  are  the  roots  of  the  following  equation  when  the  plate  is  specially  orthotropk.  as  it  is  in  our  cases: 


=  0 


Properties  relative  to  laminate  principal  directions  whkh  must  coincide  with  ellipse  directions  (see  Fig.  4.8) 
This  formula  has  been  computerized,  and  for  our  case  gives: 


<r#  =  Ar;  \f,\  =  5.448 


and  it  will  be. 


e»  = 


Ll 
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In  the  next  chapter  we  can  see  the  correlation  of  the  tests  with  this  formula.  It  should  be  emphasized 
that  these  results  do  not  take  Into  account  the  finite  aspect  ratio  of  the  panel. 

Buckling: 

To  estimate  the  buckling  shear  flow  of  a  specially  orthotropic  plate  with  a  circular  opening  loaded 
uniformly  by  a  shear  flow  q  and  simply-supported  as  It  Is  shown  in  F1g.  4.9,  It  is  suggested  to  apply  the 
following  expreslon: 

qCR=  Kj  K2  S  ^ 
b^ 


^®CR  °  ‘’buckling^ 
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Is  a  constant  for  an  Infinite  length  panel  which  is  a  function  of  the  material  and  the  stacking. 

K2  is  a  constant  to  take  into  account  the  finite  aspect  ration  a/b  and  it  is  a  function  of  the  material, 
stacking  and  the  aspect  ratio  a/b. 

K3  is  a  constant  to  quantify  the  effect  of  a  large  centrally  located  plain  hole  which  is  a  function  of 
the  ratio  0/b. 

Ki  and  K2  can  be  found  applying  the  energy  method  given  in  chapter  14  of  reference  1  assuming  the 
following  expression,  in  the  form  of  a  series,  of  the  out  of  plane  displacements: 


w  =  EEA«,sin=^sin=3it 


which  satisfy  all  edge  conditions,  and  minimize  the  potential  energy  of  bending,  plus  the  work  done  by 
the  shear  forces.  The  solution  of  this  problem  has  been  obtained  with  numerical  methods  which  give,  for  Ki 
and  K2  for  our  material,  figures  4.10  and  4.11  respectively. 

K3  has  been  taken  from  reference  2  which  gives: 

K3  =  (1  -  0/b)  (1  -  0/2b) 


for  our  case  of  all  laminate  100%  +  450  is: 

=  188750  N/mm2 


5.  ANALYSIS  /  TEST  CORRELATION 

The  analysis  procedures  developed  in  chapter  4  have  been  used  to  attempt  correlation  with  the  test 
results. 

Analysis/test  correlation  is  presented  in  figures  5.1,  5.2  and  5.3  for  RS0203,  RS0405  and  FS1112 
specimens,  which  show  all  spar  web  specimens  behaviour.  Moreover,  buckling  analysis  is  correlated  with  RiblO 
specimens. 

Before  commenting  this  correlation,  it  should  be  pointed  out  that  important  factors  affect  the  real 
behaviour  which  have  not  been  considered  in  the  previous  analysis: 

1. -  The  influence  of  low  interlaminar  shear  stiffness: 

This  effect  is  difficult  to  quantify.  It  is  fundamentally  a  resin  property.  So  therefore,  it  will 
be  influenced  by  environmental  conditions  and  internal  defects.  It  can  be  important  when  the  plate 
is  relatively  weak  in  the  transverse  direction  and  when  the  plate  response  is  sensitive  to  the 
transverse  stiffeness  as  in  buckling.  More  information  about  this  factor  can  be  found  in  the  re¬ 
ference  3. 

2. -  Geometric  imperfections: 

The  difference  in  behaviour  for  perfect  and  imperfect  panels  is  illustrated  in  figure  5.4,  taken 
from  reference  4.  This  reference  provides  more  details  about  this  factor. 

3. -  Edge  support  conditions: 

True  edge  support  conditions  generally  lie  between  the  simple  supported  and  clamped  limiting  cases. 

4. -  Eccentricity: 

In  reality,  the  aplication  of  load  and  its  reaction  in  the  panel  are  not  in  the  same  plane,  out-of¬ 
plane  twisting  apperaring  during  test. 

Furthermore,  we  must  consider  that  the  strain  gauges  are  located  in  a  position  of  severe  strain  gra¬ 
dients  and  installation  position  tolerance  will  be  a  significant  factor. 

DISCUSSION: 

From  Figure  5.1: 

1. -  Analytical  calculations  of  hole  edge  strain  and  buckling  of  the  panel  do  not  agree  with  the  results, 

because  the  local  reinforcement  around  the  hole,  which  has  this  specimen,  is  not  large  enough  for 
these  calculations,  which  consider  a  flat  panel,  to  be  applied. 

2. -  The  geometric  non-linear  analysis  by  which  F.E.M.  accurately  predict  the  hole  edge  axial  strain. 

The  built-in  offset  reinforcement  that  has  this  specimen  clearly  drives  the  non-linearity. 

3. -  The  shear  flow  buckling  predicted  with  F.E.M.  is  beyond  the  point  of  strain  divergence  explained 

in  chapter  3. 

4. -  This  specimen  cannot  reach  their  theoretical  buckling  load  due  to  the  non-linear  compression  strain 

response  which  cause  the  ultimated  failure. 

Fro*  Figure  5.2: 

1.-  Analytical  calculations  of  the  hole  edge  strain  appear  conservative  to  predict  the  average  behaviour. 
However,  it  has  to  be  considered  that  strain  gauges  readings  can  vary  appreciably  with  its  location 
near  the  hole  and  that  this  prediction  does  not  take  into  account  the  finite  aspect  ratio  of  the 
panel . 
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2. -  The  geometric  non-linear  analysis  with  F.E.M.  predicts  quite  well  the  point  of  strain  divergence 

although  it  also  gives  conservative  results.  Noting  that  in  this  specimen,  without  local  reinforce 
ment,  geometric  non-linear  analysis  cannot  predict  the  initial  non-linear  behaviour  of  the 
specimen,  which  would  be  due  to  the  imperfections  or  twisting.  However,  near  to  the  strain  diver¬ 
gence  point,  geometric  non-linear  analysis  approaches  this  behaviour  quite  well  because,  when, 
out-of-plane  displacements  reach  sufficient  value  to  be  important,  these  displacements  drive  the 
non-linearity,  as  was  shown  in  figure  5.4. 

3. -  Analytical  calculations  of  shear  flow  buckling  give  slightly  conservative  values  of  strain  diver¬ 

gence  point  . 

4. -  The  shear  flow  buckling  predicted  with  F.E.M.  is  beyond  the  strain  divergence  point.  However  this 

predicted  value  is  when  strain  starts  to  rise  sharply  which  can  be  considered  a  better  value  of 
inestability. 

5. -  This  specimen  cannot  reach  their  theoretical  buckling  load. 

Fran  Figure  5.3: 

1. -  Analytical  calcultations  of  the  hole  edge  strain,  approach  conservatively  the  average  strains 

near  the  hole. 

2. -  These  specimens  reach  and  clearly  exceed  their  theoretical  buckling  load. 

The  geometric  non-linear  analysis  approaches  the  strain  divergence  point  very  well  and  shows  good 
correlation  within  the  postbuckling  range,  despite  the  initial  non-linear  behaviour  that  cannot 
be  predicted. 

3. -  Analytical  calculations  of  shear  flow  buckling  give  conservative  value  of  point  of  strain  diver¬ 

gence  and  those  predicted  by  F.E.M.  is  higher  than  this  point  but  really  represent  the  strain  di¬ 
vergence. 

From  Buckling  Analysis  with  F.E.M.  for  Rib  10  Specimens: 

Very  good  correlation  has  been  found  between  the  estimated  buckling  load  given  in  table  3.4  from 
tests  for  Rib  10-1;  2  specimens  with  stiffeners  and  the  buckling  load  found  by  F.E.M.  shown  in 
figure  4.7: 

Average  Test  Result  :  52.8  N/mm 
F.E.M.  Result  :  49.2  N/mm 

On  the  other  hand  the  buckling  load  found  by  F.E.M.  for  Rib- 10  specimens  without  stiffeners  was 
34.2  N/mm. 

Comparing  these  results,  with  and  without  stiffeners,  with  its  respective  failure  load,  it  can 
be  concluded  that  despite  the  fact  that  specimens  with  stiffeners  have  higher  buckling  loads  than 
specimens  without  stiffeners,  these  latter  specimens  have  more  postbuckling  capability. 
(Approximately  35%).  For  this  reason  the  ribs  of  A320  tailplane  have  not  stiffeners. 

6.  FAILURE  CRITERIA 

Spar  webs  without  defects  and  RT/DRY  condition:  The  failure  mode  of  spar  webs  is  rupture  in  compression 
in  the  hole  edge  due  to  stress  concentration,  before  or  after  buckling. 

There  is  a  correlation  between  ttest/'&buck  vs  tweb  shown  in  Fig.  6.1,  which  can  be  adjusted  by  a 
linear  relationship,  line  A,  taking  into  account  that  all  test  results  lie  on  or  above  a  parallel  line  which 
gives  90X  of  7!  test/ t  buck  called  0.9  A.  This  line  establishes  that  panels  with  tweb  less  than  3. 5mm. have  post- 
bucking  capability  and  panel  with  tweb  greater  than  3.5  mm.  will  not  achieve  the  theoretical  buckling  load. 

In  figures  6.2,  6.3  and  6.4  are  represented  the  maximum  compression  strain  at  hole  edge  for  test  spe¬ 
cimens  RS0203,  RS0405  and  FS1112  (which  resume  all  spar  web  specimens  behaviour)  vs  the  percentage  ot  the 
panel  theoretical  buckling  load,  %  q^u  which  is  calculated  according  to  analytical  method  given  in  chapter  4 
but  k3  has  been  modified  correlating  with  F.E.M.  results  to  give  better  approach  ofbuckling  load.  The  new 
formula  is: 


K3=  .94  (1  -  9/b) 

In  figure  6.5  those  curves  are  Jointed  in  the  range  of  -5000/m£  and  -10000/>£.  .  It  can  be  seen  that  type  1 
and  2  specimens  have  very  similar  behaviour,  whereas  type  3  specimen  1s  quite  distinct.  Both  type  1  and  2 
specimens  have  web  thicknesses  greater  than  3.5  mm.  (1e  8.88  and  5.76  mm.  respectively),  whereas  type  3 
specimen  has  web  thickness  less  than  3.5  mm.  (1e  2.4  mm.). 

Based  on  the  observed  behaviour,  a  failure  criteria  has  been  defined  which  states  that  the  "usable 
buckling  load"  see  Fig.  6.6,  is  dependant  upon  the  material  compression  strain  allowable  and  upon  the  panel 
thickness.  It  therefore  represents  a  combination  of  both  "strength"  and  "stability"  aspects  of  panel  stress 
analysis. 

Spar  webs  with  defects  and  hot/wet  conditions: 

Of  the  3  specimens  tested  with  defects  and  In  hot/wet  cond1t1on(see  table  2.1)i  specimen  RS0203-3  had 
the  lowest  failure  load  level.  This  specimen  was  fully  aged,  and  had  simulated  delaminations  at  each  of  the 
maximum  stress  concentration  areas.  The  hole  edge  compression  strain  level  is  shown  as  a  function  of  the 
theoretical  buckling  load  In  Figure  6.7.  In  this  case,  the  theoretical  buckling  load  has  been  calculated 
using  aged  material  properties.  The  hole  edge  strain  of  this  specimen  Is  shown  together  with  the  present 
failure  criteria  In  figure  6.8.  It  can  be  seen  that  excellent  correlation  exists.  The  maximun  difference  in 
%  Rcr  for  a  given  value  of  compression  strain  Is  approximately  2%.  It  can  therefore  be  concluded  that  the 
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present  hole  edge  strain  limitation  criteria  is  valid  for  the  moisture  and  temperature  requirements. 

Rib  Webs: 

All  specimens  tested  which  are  representative  of  rib  designs  have  presented  their  failure  after  reaching 
buckling  load.  Therefore,  a  simple  failure  criteria  based  in  the  buckling  load  can  be  derived: 

Non-buckling  at  Ultimate  Load. 

7.  CONCLUDING  RENARKS 

Results  have  been  presented  of  tests  done  on  shear  webs  with  two  designs  of  large  holes:  plain  and 
flanged. 

Flanged  holes  reveal  better  buckling  resistance  than  plain  holes,  but  they  present  the  most  severe 
stress  concentration,  therefore,  they  should  be  used  in  shear  webs,  under  low  levels  of  load,  designed 
for  buckling  requirements. 

All  specimens  present  non-linear  behaviour.  Linear  analysis  cannot  predict  this  behaviour  and  conse¬ 
quently  non-linear  analysis  is  need  to  approach  accurately  that  loading  response. 

However,  analytical  calculations  have  been  presented  to  get  a  preliminary  estimation  for  the  average 
strains  at  the  hole  edge  and  for  the  buckling  load. 

Geometric  non-linear  analysis  have  been  done  by  finite  elements  method  for  "plain  holes"  and  the  results 
reveal  very  good  agreement  with  the  tests  near  to  the  buckling  load  and  even  in  the  postbuckling  range. 

Buckling  analysis  has  been  done  by  the  finite  element  method  for  both  designs,  plain  and  flanged  holes, 
obtaining  very  good  correlation  with  test  results. 

Failure  criterion  have  been  derived  for  two  designs. 

It  should  be  emphasized  that  the  conclusions  given  in  this  paper  can  only  be  considered  valid  for  these 
particular  types  of  shear  panels  construction,  with  geometric  characteristics  lying  within  the  range  of  those 
panels  tested  and  analysed. 
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FIGURE  2.12.-  STRAIN  GAUGE  WSTAUJ\TION 

PLAN  APPLICABLE  TO  ALL  SBW  WEB  SPECIMENS. 
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FIGURE  2.13  -  STRAIN  GAUGE  INSTALLATION 
PLAN  APPLICABLE  TO  ALL  RIB  SPECIMENS. 
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BEECHCRAFT  STARSHIP  STRENGTH  CERTmCATlON 

by 

EJlJfooper 

Beech  Aircraft  Corporation 
P.O.Box  85 

Wichita,  KS  67201-0085 
United  States 


OUTLINE: 


Basic  Aircraft  Description 
Material  Qualification 
Environmental  Considerations 


Certification  Basis 
Laminate  Anaiysis  Validation 
Damage  Toierance  Evaluation 


Beech  Aircraft,  in  the  fall  of  1982,  launched  one  of  the  najor  aircraft  developnent  prograns  in  the 
recent  past.  It  is  called  the  Beech  STARSHIP  shown  in  Figure  1. 


FIGIBB  1 

This  particular  airplane  resulted  from  several  years  of  study  and  research  at  Beech  considering  a 
variety  of  configurations.  These  included  perfornance  analyses,  structural  efficiency  studies,  and  wind 
tunnel  tests  to  verify  the  parameters. 

The  configuration  selected  is  rather  unusual  in  the  general  aviation  market.  It  is  a  canard  configured 
vehicle.  The  forward  wings  or  canards  pivot  in  order  to  trim  the  airplane  depending  upon  the  position 
of  the  flaps.  Vhen  the  flaps  are  extended  in  order  to  slow  the  airplane  down  and  control  the  deck  angle 
for  landing,  the  forward  wing  pivots  forward  automatically  to  trim  the  pitching  moment.  Propulsion  is 
provided  by  two  pusher  turbo  prop  propellers  mounted  close  to  the  body  to  minimise  the  effect  of  engine 
out  on  control  characteristics.  Directional  stability  is  provided  by  vertical  stabilizers,  one  mounted 
at  the  tip  of  each  wing,  which  also  houses  the  rudders  for  directional  control.  The  pitch  control  on 
the  airplane  involves  both  the  elevator  on  the  forward  wing  and  the  eleven  on  the  aft  wing  working  in 
conjunction.  All  fuel  for  the  aircraft  is  carried  in  the  triangular  section  at  the  leading  edge  root 
and  the  basic  wing  box  is  free  of  fuel. 

Composite  materials  are  used  in  the  Starship.  Significant  gains  are  made  in  strength,  weight,  fatigue 
life,  and  corrosion  resistance. 

There  are  several  major  concepts  for  structural  configuration  as  shown  in  Figure  2. 
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The  approach  that  is  used  largely  in  the  Starship  is  one  where  there  is  a  saall  nuaber  of  spars  and 
shear  webs.  The  skin  itself  is  the  honeycoeb  sandwich  that  is  stiffened  and  stabilized  within  itself  to 
carry  necessary  loads.  One  of  the  eain  advantages  of  sandwich  construction  is  its  stiffness  and 
strength  properties  shown  in  Figure  3.  The  Starship  sandwich  configuration  largely  utilizes  graphite- 
epoxy  prepreg  facesheets  and  the  eiddle  core  is  NOMQ  honeyconb  (in  a  variety  of  densities  and  shapes). 
One  of  the  nain  advantages  of  the  NOHEX  conpared  to  aluninun  core  is  the  avoidance  of  corrosion. 
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FIGWB  3 

I  would  like  to  share  just  a  few  exanples  beginning  with  fuselage.  The  fuselage  is  70  inch  dia.  and  the 
pressurized  section  is  35  feet  long.  It  is  a  nonocoque  (no  franes  or  stringers)  design  nade  of  NOMEX 
core  and  subsequently  bonded  together.  Figure  4  scheaatically  show  how  these  two  fuselage  shells  are 
Joined  together  with  a  Z  type  bond  line.  Adhesive  as  a  secondary  operation  is  cured  to  join  these  two 
halves.  As  a  fail-safety  nessurei  inside  the  fuselage  along  the  top  and  botton  centerline,  the  joints 
are  reinforced  by  a  coeplete  row  of  eechanical  fasteners  that  would  provide  Unit  load  carrying 
capability  in  the  eventuality  of  a  conplete  bond  failure. 


nCDU  4 
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The  wing  is  aade  in  a  54  foot  long  tip  to  tip  continuous  skin.  It  has  graphite  epoxy  facesheets  vith 
DOMEX  honeycoab  core.  There  are  no  concentrated  spar  caps  or  stringers.  The  skin  is  designed  vith 
three  shear  vebs  attaching  the  upper  and  lover  skins  to  each  other.  All  the  bending  and  torsion  loads 
are  carried  vithin  the  skin. 

A  key  eleaent  to  this  particular  design,  shovn  in  Figure  5,  is  the  end  viev  of  a  prevoven  structural 
Joint  called  an  "H”  Joint. 


FIGOBB  5 

This  Joint  has  a  unique  feature  in  vhich  the  fibers  pass  through  the  intersection  to  avoid  any  peeling 
stresses.  The  fibers  pass  through  the  Joint  in  the  vertical  direction  and  in  the  horizontal  direction. 
The  continuous  fibers  maintain  the  strength  much  higher  than  if  laid  up. 

The  Starship  vas  certified  to  FAA  part  23  regulations  including  the  coMuter  category  option,  aaendaent 
4,  and  special  conditions. 


STARSHIP  1 

Certification  Rules:  FAR  2S 


Historically  Limited  to  12,500  Lb  &  9  Passengers 


Amendment  $4,  1986,  Allows  up  to  19,000  Lb 
&  19  Passengers 

PLUS:  SPECIAL  CONDITIONS 


FI60RX  6 


Special  conditions  vere  published  by  the  FAA  in  the  Federal  Register,  August  8,  1986.  These  are 
additional  regulations  vhich  are  needed  in  the  viev  of  thi  FAA  to  certify  nev  technology  project  vith  a 
level  of  safety  equivalent  to  that  intended  by  the  existing  body  of  rules. 

The  special  conditions,  in  addition  to  the  company's  normal  demand  for  safety  assurance,  caused  the 
STARSHIP  to  become  one  of  the  most  rigorously  tested  airplane  eveP  certified  in  the  United  States.  Some 
of  the  previously  unthought-of  test  included]  flight  test  of  the  8SZ  scale  demonstrator  vith  pressure 
taps  to  verify  vind  tunnel  based  panel  pressure  calculations;  flight  test  of  the  full  scale  prototype 
vith  simulated  bugs  plastered  on  the  vlngs;  tvo  lightning  strike  tests  on  the  same  location,  before  and 
after  repair.  In  the  end,  five  special  conditions  applied  to  various  aspects  of  the  airframe  and  only 
one  specifically  addressed  certification  of  composite  structure. 

The  FAA  special  condition  on  composite  structures  specified  many  tests  or  analyses  vhich  vould  normally 
be  conducted  in  the  course  of  a  major  composites  program.  These  included: 

Flav  grovth  studies  instead  of  fatigue  life  or  fail-safe  evaluation  (all  the  time  maintaining  limit  load 
capability). 

Strength  after  impart  damage  regarded  as  an  intrinsic  property  and  therefore  a  material  allovable 
associated  vith  design  ultimate  load. 


Enviconmental  effects. 
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But  I  the  requireMnts  included  for  certification  of  adhesively  bonded  coaposite  structures  vere  entirely 
different  than  anything  envisioned  in  early  coordination  aeeting  with  the  PAA  engineers.  In  fact,  these 
abandoned  danage  tolerance  practice  developed  over  the  last  tventy  years  on  aetal  structures  (including 
bonded  aetal  structures)  and  vent  beyond  the  existing  PAR  part  25  transport  aircraft  rules. 

STARSHIP  1 


FAA  Special  Conditions  Published  in 
Federal  Reg.  8-8-86  (Pages  28500  -  25) 


IS  Conditions:  5  Airframe, 

Including  Composite  Structure 
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MARRIALS 

The  best  aaterials  coaaercially  available  at  the  tiae  of  the  prograa  start  vere  chosen  based  on  fiber 
strain  to  failure  (for  daaage  tolerance),  resin  cure  teaperature  (for  processing  econoay  and  toughness) 
and  resin  glass  transition  teaperature  (for  the  reguired  environaental  resistance).  A  vide  variety  of 
veaves  and  areal  veights  (velgfat  of  fiber  in  graas  per  sq  aeter)  are  used  to  provided  aaxiaua  design 
flexibility.  Multiple  fiber  suppliers  vere  qualified  in  the  certification  prograa  and  additional 
prepreg  vendors  are  being  qualified  for  production. 

The  aaazing  fiber  tensile  strength,  over  half  a  aillion  pounds  pet  sq  in  ftoa  iilaaents  of  only  B 
alcrons  in  dlaaeter,  is  a  reainder  of  the  theory  behind  coaposite  aaterials.  In  aaterial  fundaaentals, 
purity  equals  strength  and  a  finely  dravn  fllaaent  is  a  vay  to  achieve  purity.  The  resin  aatrix  is 
necessary  to  transfer  load  to  the  fibers,  bind  the  fibers  together,  and  to  enable  the  aaterial  to  be 
aolded  to  shape.  Very  roughly,  resin  is  added  and  ve  are  left  vith  SOX  of  the  fiber  strength  (250,000 
psi);  plies  are  laainated  to  give  strength  in  aultiple  directions  leaving  SOX  of  the  unidirectional 
strength  (125,000  psi).  This  is  typical  of  the  Starship  ving  skin  in  the  spanvise  direction;  a  further 
factor  of  approxiaately  SOX  is  applies  in  aircraft  design  to  account  for  practical  stability  and 
durability  requireaent,  giving  a  aaxiaua  design  stress  at  ultiaate  load  of  about  60,000  psi. 

For  coaparlson,  aircraft  aluainua  has  a  aaxiaua  strength  of  85,000  psi,  and  fatigue  life  considerations 
restrict  the  design  stress  at  ultiaate  load  to  about  45,000  psi.  Finally,  the  density  of  graphite/epoxy 
is  only  57X  of  that  of  aluainua. 

The  aaterials  qualification  prograa  established  the  laaina  properties  for  each  foraat  certified.  Tests 
are  perfomed  in  Cold/Dry,  RT/Dry,  RT/Vet  and  Hot/Vet  environaents.  It  is  nov  based  on  recent  HIL-HDBR- 
17  coaaittee  recoaaendatlons  but  includes  an  Increased  nuaber  of  tests  in  the  first  batch  tested.  The 
tests  are  perforaed  according  to  ASTM  D  3039-76  and  ASTN  D  695. 


Xt  Xe  S 
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FIGUBS  9 

Once  the  definitions  of  maximum  temperature  and  moisture  were  fully  documented,  material  qualification 
testing  could  be  completed. 

FAR  23.613  requires  that  material  design  values  must  be  taken  form  MlL-BDBR's  5,  17,  23,  etc.  Starship 
qualification  program  was  conducted  using  the  test  matrix  and  statistical  methods  published  by  the  MIL- 
HDBR-17  polymer  matrix  composites  committee.  The  chart  shows  typical  properties  obtained  at  the  ply  (or 
lamina)  level  of  material  testing.  Nine  different  lamina  properties  are  required  for  use  in  laminate 
analyses  for  each  material  qualified;  about  8,000  material  tests  were  conducted  in  the  initial  material 
qualification  program.  The  next  level  of  testing  up  in  scale  from  material  coupons  is  element  testing. 
About  1,200  panels  were  tested  for  tension,  compression,  shear,  strength  and  stiffness  in  combination 
with  cond/dry,  room  temperature/dry,  room  tempera ture/wet,  and  hot/wet  environmental  conditions.  Large 
chambers  were  custom-built  to  condition  groups  of  specimens  as  they  were  available  from  the  composite 
fabrication  shop. 

Test  article  conditioning  was  accelerated  by  increasing  the  chamber  temperature  to  160  degrees  F.  when 
conditioning  coupons  and  140  degrees  F,  when  conditioning  assemblies.  The  advantages  of  basing  the 
conditioning  on  RH  (instead  of  X  weight  gain  or  number  of  days)  are  that  it  works  regardless  of  the 
materials  involved,  also,  when  a  large  number  of  parts  are  declared  ready  for  test,  they  can  be 
maintained  in  the  chamber  until  test  capacity  is  avilable.  Extra  tine  in  the  chamber  makes  only  a 
minute  difference  in  moisture  content. 

The  purpose  of  the  element  test  program  was  to  validate  the  Beech-generated  Laminate  Analysis  Software 
Package  (LASF).  With  a  validated  analysis  method,  it  would  not  be  necessary  to  test  every  possible 
combination  of  material  plies  used  in  the  airplane  structure. 

The  basic  building  block  of  all  structural  analysis  is  knowledge  of  the  stiffness  or  modulus  of  the 
structural  elements.  The  chart.  Figure  10,  shows  calculated  stiffness  compared  to  measured  values  for 
different  loading  cases  and  laminates  typical  of  those  used  in  wing  and  fuselage  structure. 

STARSHIP  1 


MATERIAL  QUALIFICATION  DATA 


AS4/S7K8  Prepreg  Roving 
CcUon/9400  Wei  Wound  Roving 


PIGUBB  10 
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In  modern  airframe  design,  the  failure  modes  which  control  the  maximum  load  capability  of  much  of  the 
structure  are  stability  modes;  the  part  does  not  fail  because  of  low  strength  but  deflects  or  bends 
excessively  due  to  lack  of  stiffness,  and  the  usual  panel  failure  in  compression  will  be  due  to  column 
or  panel  buckling. 

If  stiffness  or  modulus  of  a  panel  can  be  calculated  accurately,  then  the  failure  load  in  column 
buckling,  also,  ought  to  be  predicable. 

BMVIROIBIBIITAL  DBFUHTION 

Because  the  mechanical  properties  of  composites  are  sensitive  to  environmental  conditions,  a  clearly 
documented  definition  of  the  extreme  conditions  under  which  the  structure  would  be  interrogated  was  of 
prime  Importance. 

THE  ISLAM)  OF  GUAM  is  situated  in  the  Pacific  Ocean  13  degrees  above  the  equator.  The  climate  provides 
steady  exposure  to  combinations  of  high  humidity  and  fairly  high  temperature  (80*  F),  both  around-the- 
year  and  around-the-clock;  ideal  conditions  for  the  accumulation  of  moisture  in  composites.  Andersen  Air 
Base,  Guam,  was  identified  as  the  worst-case  base  for  moisture  exposure  in  a  USAF  sponsored  survey  of 
156  bases,  world-wide.  Actually,  many  Pacific/ tropical  locations  would  provide  similar  humidity 
conditions  and  figure  12  shows  typical  hours  of  exposure  per  year  In  each  relative  humidity  bracket.  The 
average  humidity  for  the  most  humid  month  (85. 3Z  in  March)  was  chosen  as  a  simple  single  level 
representation  of  the  year-round  exposure.  A  little  margin  was  added  for  test  chamber  control  purposes, 
giving  a  RH  of  873!  as  the  exposure  requirement  to  generate  maximum  moisture  content  for  static  testing 
(a  slightly  lower  RH  was  used  in  fatigue  and  flaw  growth  testing  based  on  a  mission/moisture  analysis). 

DEATH  VALLEY,  (VUJF(MIIIA,  must  be  another  wonderful  place  to  live.  The  ambient  temperature  on  a  typical 
July  afternoon  is  116  degrees  F.  The  highest  ever  recorded  there  was  134  degrees  F.  This  worst-ever 
temperature  is  not  considered  in  combination  with  flight  loads  as  the  airplane  systems  are  not  qualified 
for  take-off  with  ambients  over  120  degrees  F.  In  addition  to  the  very  high  ambient  temperatures  the 
airplane  upper  surfaces  nay  be  heated  by  solar  radiation  of  310  btu/sqft/hr.  The  high  ambient 
temperature  and  solar  radiation  combined  in  solar  soak  tests  to  heat  the  wing  upper  skin  to  150  degrees 
F  when  medium  gray  paint  was  used. 

STRUCTURAL  VALIDATIOM 

Over  1200  panels  were  tested  for  strength  and  stiffness;  tension,  compression,  ^uld  shear;  and 
environmental  effects  of  cold/dry,  room  temperature/dry,  room  tempera tur e/wet,  and  hot/wet  conditions. 
Large  chambers  were  custom-built  to  condition  groups  of  specimens  as  they  were  available  from  the 
composite  fabrication  shop. 

TEST  ARTKXB  OOMDITIONIIIG  was  accelerated  by  Increasing  the  chamber  temperature  to  160  degrees  F.  when 
conditioning  panels  and  140  degrees  F.  when  conditioning  assemblies.  The  advantages  of  basing  the 
conditioning  on  RH  (instead  of  percent  weight  gain  or  number  of  days)  are  that  it  works  regardless  of 
the  materials  Involved,  and  when  a  large  number  of  parts  are  declared  ready  for  test,  they  can  be 
maintained  in  the  chamber  until  test  capacity  is  available.  Extra  time  in  the  chamber  makes  only  a 
minute  difference  in  moisture  content. 


FIGUU  11 
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▼.ytlOOS  TTPIS  OF  D6IUGB  were  introduced  into  test  panels,  including  iapact  daaage  covering  the  range 
froa  no  visible  daaage  to  puncture  to  define  the  Threshold  Of  Detectability  (TOD)  daaage  level  for 
various  laalnates. 

Also,  large,  coaplex-load  path  subcoaponents  of  the  airplane  vere  conditioned  to  aoisture  saturation, 
heated  to  160  degrees  F,  and  loaded  to  appropriate  internal  pressure  and  bending  loads.  Strain  and 
deflection  data  shoved  that  teaperature  and  aoisture  conditions  alone  created  a  fev  hundred  aicro-strain 
preload  in  the  structure  did  not  change  the  final  accuracy  of  predictions  under  environaent  and  load 
coabinations. 

FATIGDB  AMD  OAMAGB  TOLERANCS 

Carbon  fiber  coaposites  are  remarkably  resistant  to  fatigue  loading  and  test  saaples  vere  cycled  at  very 
high  percentages  of  their  naxinua  strength  in  order  to  generate  flav  grovth  data. 

SaOCIlBAL  AMALTSIS 

Substantiation  of  composite  structure  vas  proposed  to  be  by  laminate  analysis  techniques  vhich  had  been 
validated  by  panel  tests,  taking  into  account  internal  loads  on  each  composite  element,  the  required 
environmental  conditions,  and  the  appropriate  lamina  properties.  The  internal  loads  vould  be  calculated 
by  finite  element  analysis  and  the  accuracy  checked  by  comparison  to  full  scale  static  tests  run  under 
lab  ambient  conditions  as  shovn  in  the  flov  chart,  figure  11. 

TBB  FAA  RBSFOHSB  vas:  "Good  idea.  State-of-the  art  program,  in  fact.  But...  vhat  about  the  effect  of 
temperature  and  moisture  on  Internal  strain  even  before  mechanical  loading  is  applied?  And,  hov 
accurately  vill  finite  element  analysis  predict  combined  effects  of  environment  and  mechanical  loading 
on  complex  three  dimensional  structures?"  These  concerns  vere  successfully  addressed  by  tvo  methods: 

One,  a  commitment  vas  made  that  analysis  predicted  strains  vould  natch  the  test  results  vithin  ten 
percent.  This  vas  achieved  by  careful  modelling  of  the  tested  structure  vith  its  internal 
reinforcements,  test  loading,  and  the  tle-dovns  and  restraints  used  in  the  test. 

TBB  LOAD  SPBCTRIM  applied  in  full  scale  daaage  tolerance  testing  vas  based  on  three  mission  profiles 
generated  from  executive  usage  data  in  the  existing  King  Air  fleet.  The  cyclic  loads  applied  included 
gust,  maneuver,  cabin  pressure,  landing,  engine  torque,  thrust,  and  minimum  on-ground  load. 

A  SCATTBR  FACKK  OM  LOADS  of  I.IS  vas  applied  vhich  alloved  one  service  life  to  be  statistically 
represented  by  tvo  lifetimes  of  laboratory  testing.  All  safety  of  flight  components  vere  tested  in  the 
full  scale  program,  including:  forvard  ving  and  nose  structure  carry- through,  main  ving  and  its  fuselage 
attachments,  pressure  cabin,  vertical  stabilizer,  and  control  surfaces.  The  first  test  lifetime  vas 
applied  to  as-manufactured  structures,  after  vhich  additional  damage  vas  mechanically  inflicted  to  each 
test  article. 


IMFL1CT8D  DAMAGB  represented  such  in-service  undesireables  as  impact  daaage,  lightning  strike,  loose  and 
missing  rivets,  disbonded  adhesive  Joints,  delaminated  and  punctured  composite  parts,  and  cracked  or 
gouged  metal  parts.  The  method  of  simulating  lightning  strike  daaage  vas  to  bum  the  composite  vith  a 
velding  torch  until  the  appearance  and  size  of  the  bum  vas  similar  to  that  seen  from  lightning  strike 
tests. 

RBSmaAL  SIBBRGTH  TESTS  concluded  the  daaage  tolerance  program  to  demonstrate  that  the  load  carrying 
capability  of  the  structures  had  been  maintained  to  at  least  design  limit  load.  Strain  and  deflection 
histories  vere  evidence  that  overall  structural  stiffness  had  not  changed  to  an  extent  that  vould  effect 
flight  flutter  margins. 

ADBBSIVBLT  BONDED  JOINTS  vere  proven  to  be  extremely  tolerant  of  fatigue  loading  and  highly  resistant  to 
flav  (disbond)  grovth.  Hovever,  additional  analyses  vere  conducted  to  shov  redundant  load  paths  or  to 
identify  Joints  vhich  needed  back-up  mechanical  fasteners  to  meet  the  FAA  special  condition.  The  option 
of  production  proof  testing  vas  chosen  rather  than  add  rivets  to  certain  extremely  velght  sensitive  and 
light-gage  parts  such  as  control  surfaces. 


OOHCLOSIOH 

The  all-composite  airframe  can  be  successfully  designed  and  analyzed  vith  today's  technology.  Simple 
designs  using  essentially  monocoque  techniques  facilitate  economical  fabrication  of  parts  and 
assemblies.  An  FAA  certification  program  demands  careful  planning  and  coordination,  especially 
concerning  regulations,  interpretations,  test  criteria,  test  plans,  and  test  vitnessing. 
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THE  R(»LE  OF  ANALYSIS  IN  THE 
DESIGN  OP  GOMPOSrm  MATERIALS 


Stqihen  W.  Tsai,  Jocelyn  M.  Pattersm,  Jos6  L.  P6rez,  and  Steven  L.  Donaldson 
USAF  Materials  Lab.  WRDC/MLBM,  Wright-Patterson  AFB,  OH  4S433-6S33  USA 


SUMMARY 

The  cunent  role  of  analysis  in  the  design  <rf  advanced  polymer  conyosite  materials  is  presented.  The  cooelation 
between  structural  property  prediction  and  measurement  is  discussed  for  bodt  material  characterization  and 
cooqxnent  testing.  It  is  reported  that  to  |wedict  the  stiffness  of  nmltidnectional  laminates  from  the  umdirectional 
mataial  properties,  laminaied  plate  theory  is  reasonably  accurate  and  generally  accepted.  Strength  predictions  ate 
much  more  difficult  because  of  die  large  variety  of  failure  inediatrisms,ar>d  some  of  the  existing  failure  critgia  ate 
inaccurate.  Because  of  its  simplicity,  the  most  widely  used  is  the  maximum  strain  criterion,  aldiough  it  ignores 
multiple  failure  mode  interactions  and  is  not  easily  adaptable  to  model  progressive  failures.  A  much  better 
alternative  is  the  quadratic  failure  criterion,  acknowledged  as  the  most  sound  an^ytically,  internally  consistent  and 
easily  adapuble  to  progressive  failures,  but  s^l  not  generally  accepted  by  most  of  industry.  Following  an 
assessment  of  the  most  advanced  and  most  accurate  analytical  techniques  is  a  discussion  of  a  few  of  the  most 
detrimental,  although  commonly  accqited,  shorteuts  to  ar^ysis.  It  is  concluded  that:  (1)  the  role  of  arulysis  is 
critical,  (2)  the  best  contemporary  analysis  techniques  ate  underutilized  and  (3)  widely  us^  current  practises  arc 
comimmiised  by  use  of  outdat^  rules.  It  is  recommended  that  analytic^  tools  be  built  on  fundamentals, 
developing  an  integrated  micro-macro-mechanics  design  rrrethodology,  with  the  goal  of  using  analysis  rationally  to 
(otlor  new  materials.  The  full  potential  ttfcorrqxrsite  materials  can  then  be  realized. 


1.  INTRODUCnCBi 


Currently,  black  metal  design  is  predominantly  used:  replacing  a  metal  part  with  an  identical  one  made  of  carbon 
fiber  reiriforced  polyrner  (C7RP)  and  achieving  only  the  design  advantage  ^vided  by  the  weight  savings  of  these 
lower  density  materials.  Industry's  inclination  is  getterally  not  to  deviate  too  much  from  a  quasi-isotropic 
laminate,  although  optimal  design  can  only  be  achieved  when  laminates  ate  "tailored”,  orienting  the  load  carrying 
fibers  in  the  dir^ons  that  the  loading  conditions  dictate.  For  any  system  of  fiber  and  matrix,  many  different 
materials  in  the  form  of  different  laminates  ate  possible-too  many  to  characterize  empirically  however. 


The  number  and  ratio  of  ply  (mentations  in  a  laminate  should  be  decided  by  analysis  rather  then  arbitrary  rules 
such  as  the  10  percent  rule,  and  the  rule  specifying  the  use  of  balanced  lamuutes  only.  These  rules,  resulting  in 
an  ineffective  or  even  possibly  unsafe  use  of  cotr^rosite  materials,  were  introduced  two  decades  a^  due  to  the 
lack  of  analytic  understanding  and  lack  of  computmg  power.  There  are  several  reasons  why  simplistic  rules  are 
still  used  for  design:  (1)  analytical  mols  are  unable  as  yet  to  provide  all  the  answers;  (2)  structural  optimization 
utilizing  directionality  is  regr^ed  as  secondary  to  (Mher  factors,  such  as  damage  tolerance.  While  arrrple  uxtis 
may  provide  a  short  term  solution,  further  development  of  analysis  wiU  reduce  the  number  (rf  unktMjwns,  allowing 
a  global  perspective  that  can  take  into  account  all  the  aspects  of  design. 


Lamituted  plate  theory,  the  acknowledged  foundation  analysis,  is  currently  only  used  during  the  final  design 
stages,  although  it  ought  to  be  introduced  during  preliminaiy  design.  This  g^  can  be  achieved  today,  thanks  to 
the  explosive  advances  of  modem  perstmal  con^uters  aiM  workstations.  To  capitalize  on  the  opportunity  to 
"desi^  the  material",  it  is  essential  duit  dw  ability  to  calculate  is  exercised,  inytovements  are  made  as  experinice 
is  gamed,  and  coofulence  in  analytical  techniques  is  built,  so  that  advantage  can  be  taken  of  these  tools  to  gu^ 
design.  Areas  of  analytical  development  incluw  technical  issues  such  as  tlw  selecticm  of  the  constituent  materials 
and  their  processing,  and  the  design  criteria  for  stiffness,  failure,  fiacture,  ply  orientations,  ply  drop,  stress 
concentrations  and  others.  Much  wotk  remains  to  be  accomplisbed,  particularly  in  the  analytic  modeling  of 
progressive  failures  in  three-dimensional  composite  laminates. 


2.  OCHilPARISON  ex’ PREDICTIONS  AND  MEASUREMENTS 

A  composite  is  formed  when  fibers  are  combined  with  a  matrix  nuiterial.  Micromechanics  is  the  study  whose 
objective  is  to  amdytically  relate  the  material  properties  of  the  fiber  and  matrix  constituents  to  those  of  the  resulting 
conqtosite  mate^.  At  this  tmw,  there  are  mmy  mictomechanics  theories,  nearly  all  of  which  are  limited  to 
stifiness  property  prediction,  being  inadequate  to  relate  the  constituent  strength  propoties  to  those  of  the  idy. 

Macromechanics  is  the  study  whose  objective  is  to  determine  the  value  of  ou^t  variables,  such  as  laminate 
strength  for  a  set  of  c<mdin(»s,  or  retiuired  laminate  thickness  and  orientation  to  satisfy  a  set  of  loading 
conditions.  Once  the  material  property  data  have  been  determined,  they  are  used  in  conjunction  with  boundary 
conditions  such  as  geonaetry  and  loading  data,  and  serve  as  the  starting  point  to  arulysis.  The  most  fundamental 
part  of  nuctomechi^s,  imniniuwi  plate  theory  is  a  two  dimensional  theory  that  can  consistently  predict  stiffness 
measurements  of  a  multidirectioniu  laminate  fiom  the  ply  properties.  Its  use  is  becoming  generally  accepted, 
dinlacing  the  reUance  on  inaccurate  technknies  such  u  netting  analysis  and  carpet  plots.  Coaqrarisonoflammate 
stimiess  measurements  and  prediction  by  lamituted  plate  theory  generally  can  be  expected  to  be  within  a  few 
percent 

A.  Fiber  and  Matrix 

EmpMcal  testing  of  fibers  and  of  the  matrix  material  is  goieially  for  quality  cootrtti  purposes,  and  not  to  determine 
input  values  for  analysis.  Fiber  testt  include  filament  strength  as  a  function  of  gage  length  and  strand  tests. 
Although  many  fiben  are  orthotropic,  we  are  not  aware  of  a  method  to  empirically  determine  die  transverse  and 
shear  prapeities.  In  addition  to  the  usual  stifftiess  and  strength  tests  of  the  matrix,  a  number  of  tests  such  u  the 
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gel  ^enneatioo  chromatography  (GPC),  differemial  scanning  caloiimetiy  (DSC),  glass  transition  ten^eratuie,  the 
wetting  and  bonding  at  tM  interfiu:e.  and  compact  tension  future  tougm^s  for  are  not  used  quantitatively 
in  the  design  of  conqtodte  laminates. 

B.  Unidirectional  Laminates 

The  goal  of  material  property  testing  is  to  suffidently  characterize  a  material  so  that  a  rational  design  process  can 
be  exercised  for  im^vements  in  materials  and  {socessing  as  well  as  for  leading  to  cost-effective  and  reliable 
structures,  ^ile  isotropic  materials,  such  as  metals,  have  the  same  materiid  properties  in  all  directions, 
conqiosites  have  different  properties  in  different  directions,  as  a  function  of  the  Bber  orientation.  Consequently, 
more  parameters  are  required  to  characterize  a  composite  material  than  a  metal.  For  metals,  the  modulus  arid 
Poison's  ratio  will  cmimletely  describe  the  material  stiffness,  and  one  strength  value  is  valid  not  only  for  all 
directions  but  also  for  both  tension  and  compression.  For  composites,  the  following  material  pttqierties  are 
required  for  accurate  structural  characterization: 


Ex 

Longitudinal  modulus 

X 

Longitudinal  tensile  strength 

Ey 

Tratisverse  modulus 

X' 

Longitudirul  compressive  strength 

Es 

Shear  modulus 

Y 

Transverse  tensile  strength 

nu 

Poisson's  ratio 

Y' 

Ttansverse  compressive  strengtfi 

S 

Shear  strength 

These  unidirectional  ply  pnqierties  are  simple  to  determine  and  represent  the  basic  building  block  for  analysis. 
They  can  be  detetmin^  by  doing  a  minimum  of  three  repetitions  of  five  uniaxial  tests  on  basic  specimens. 
Guidance  for  the  test  procedures  can  be  found  from  ASTM  Standards.  The  tension  test  of  a  0  degree  specimens 
and  90  degree  specimens  is  described  by  ASTM  D3039;  the  tension  test  of  a  ±4S  degree  qiecimen  to  determine  the 
in^lane  shear  properties  is  described  by  ASTM  3518.  Compression  testing  of  a  0  degree  specimen  is  a  more 
difncult  test  and  thm  are  several  test  m^iods  in  existence,  for  exanqile  ASTM  D34I0.  'Ilte  comptesaon  strength 
of  a  90  degree  sp^nten  can  be  determined  using  ASTM  D3410,  or  alternatively  ASTM  D69S  which  governs 
nonstructural  plsistics. 

Stiffness  correlation  is  generally  accurate  within  a  few  percent  Stiffness,  which  reflects  the  linear  behavior  of 
composites,  is  easier  to  measure  than  strength,  which  represents  the  point  of  failure.  StrengA  correlation, 
hopc^y  varying  by  less  than  10  percent  is  rttote  difficult  bmuse  of  several  factors:  material  variabili^,  quality 
of  specimen  prqMtatkxi,  stress  concentrations  due  to  nnsalignment  of  the  specimen  and  load  introduction,  and  test 
parameters  such  as  loading  rate.  Confidence  in  the  data  is  in^noved  by  increasing  the  number  of  repetitions. 

C.  Multidirectional  Lamiruues 

Similar  to  the  problems  associated  with  determining  material  strength,  the  strenjdh  prediction  of  a  laminate  is  much 
mote  difficult  than  the  stiffness  pn^ction.  A  strength  prediction  capability  in  the  neighborhood  of  ten  percent 
should  be  viewed  as  successful.  With  composites,  many  different  failure  modes  are  possible.  It  is  impossible  to 
have  one  criterion  that  can  consider  all  the  mechanisms.  While  there  ate  several  failure  criteria  in  existence,  the 
maximum  strain  failure  criterion  is  the  most  widely  used  because  of  its  apparent  simplicity  but  is  not  adequate 
because: 


•  It  ignores  failure  mode  interactions;  from  which  carpet  plots  can  be  justified. 

•  I<^cs  not  normally  itKlude  progressive  matrix  degradation  that  can  bridge  between  first-ply-fiulure 
(FFF)  atxl  the  ultimate  failure  ^  a  laminate. 

•  It  is  not  invariant;  i.e.,  a  0.4  percent  strain  is  not  comdinate  independent 

The  need  to  improve  the  analytic  prediction  of  the  behavior  of  laminates  is  ut;pentiy  needed  to  achieve  a  high  level 
(^confidence  in  composite  maters.  The  use  of  quadratic  failure  criterion  is  recommended  as  a  first  step.  This 
criterion  is  superior  because: 

•  It  is  the  simplest  criteritxi  to  include  fiulure  mode  interactions;  from  which  carpet  plots  are  easily  shown 
to  be  dangerous  and  do  injustice  to  conqxisite  materials. 

•  It  provides  an  easy  tratisinon  between  matrix  and  fiber  failures  by  use  of  a  matrix  degradation  factor. 

•  It  provides  a  ample  detemnnation  of  FFF  and  the  ultimate  strengths. 

•  It  IS  a  scrdar  criterion  and  therefore  invariant  It  is  the  easiest  to  manipulate  mathematically. 

•  It  can  be  applied  to  describe  both  interlaminar  as  well  as  intralaminar  failures. 

D.  Structural  Elements 

There  is  an  entire  book  of  ASTM  Standards  dev<^  to  coimiosite  materials  testing,  which  outlines  about  thim 
tests.  In  atldition,  because  of  the  extensive  time  and  enort  invttived  in  establishing  aii  ASTM  Standard, 
government  agencies  such  as  NASA  and  compaiues  in  industry  have  defined  their  own  internal  tests.  'Die 
Standtud  Test  Methods  Tatis  Force  (SACMA)  represents  current  efforu  within  the  US  to  unify  compcisites 
testing.  Unfortunately,  most  tests  ate  not  desigi^  with  analytical  considerations,  providing  essen^y  en^rirical 
data  for  qualitative  comparison,  and  ate  often  unable  to  provide  the  desired  input  to  the  analytic  rnodehng  of 
composite  laniinates  and  structures. 

Currently,  many  of  the  tesu  in  existence  are  mote  of  a  structural  conqromnt  test  than  material  characterization,  b 
trumy  cases,  thw  tests  have  been  defined  by  matoials  and  process  engineen  who  ate  not  concerned  with  analytis 
and  daign.  Tests  for  quality  control  should  investigate  the  parameters  reflecting  the  performance  of  conqrosite 
maters  for  dKir  intended  use.  Tests  such  as  shm  beam  shear,  open-hole  compt^ion,  transverse  irmract, 
bearing,  nano  tester,  and  others  are  designed  for  qrecific  applications;  design  implications  of  these  tests  shoukl  be 
regartM  with  skepticism. 

For  example,  an  empirical  dau  base  is  being  expanded  using  this  open  hole  specimen.  Since  the  data  ara 
complkatM  to  measure  and  difficult  to  interpret,  evaluation  based  on  this  difficult  test  resulu  in  an  unfair 
assessment  of  composite  materials.  Prior  to  the  measurement  of  failure  strain  for  an  opm-hole  compression  test, 
which  is  boundary-condition  dependent,  basic  material  properties  need  to  be  identified.  Vifith  these  data,  an 


analytical  model  of  an  tmn  hole  specimen  can  be  built,  predictive  powen  can  be  develq>ed  and  the  need  fw  this 
empirical  test  will  be  diminated.  Ideally,  tests  must  designed,  and  at  least  verifidl  by  some  analysis  for 
mrasuied  deformation  and  failure  modes. 


3.  DETRIMENTAL  SHORTCUTS 

Instead  of  developing  and  improving  analytical  techniques,  there  is  often  a  tendency  in  practice  to  discomt  or 
dismiss  analysis  as  being  an  inadequate  basis  to  design,  since  it  does  not  yet  answer  all  the  "complicated"  issues 
of  bolted  joints,  damage  tderance,  etc.  Design  is  accomplished  through  comparison  with  empirictd  databases  and 
"e.tperience".  fo  view  of  the  mechanics  wok  in  the  Materials  Libor^iy  over  the  past  twenty  years,  ^  accepted 
theses  by  the  academic  imd  research  community,  desi^  driven  by  simplified  theories  and  conservative  practices 
is  inac^uate. 

A.  Netting  Analysis 

Netting  analysis  ignores  the  structural  contribution  of  the  matrix  within  a  laminate,  considering  only  that  the  fibm 
are  carrying  the  loads.  This  concept  can  be  treated  as  a  special  case  of  laminated  plate  thec^  by  letting  the  mafox 
degradation  factor  approach  zero.  As  an  example,  the  difference  between  netting  analysis  and  mme  exact  thick 
w^  cylinder  analysis  can  be  seen  in  Figures  la  and  lb  to  the  optimum  pressure  vessel  under  internal  pressure. 
The  optimum  vessel  under  external  pressure  is  shown  in  Figures  2a  and  2b. 


Maximum  Material:  T300/5208 

Internal  Inside  radius  a  s  I  m 


Percent  101  Ply  angle ItBl 

FIGURE  1  a)  Maximum  internal  pressure  capabiliw  versus  the  percentage  of  [0]  in  cross  ply  laminates,  to  three 
thicknesses  of  pressure  vessels  d^ed  by  the  ratio  cf  iimer  to  outer  radii  a/b;  b)  Maximum  internal 
pressure  capalwty  versus  the  orientatimi  of  angle-ply  laminates,  to  three  thiclmesses  of  pressure 
vessels  detoed  by  the  ratio  of  inner  to  outer  ra^ 


Maximum  Material:  T300/5208 

external  Inside  radius  a  =  1  m 

pressure  cress-ply  [0„/90„l  Angle-ply  |tei 


Percent  [01  Ply  angle  [i8| 

FIGURE  2  a)  Maximum  external  pressure  capability  venus  the  percentage  of  [0]  in  cross  ply  laminates,  to  three 
thicknesses  of  p^ure  vessels  defined  by  the  ratio  of  inner  to  outer  radii  a/b;  b)  Maximum  external 
pressure  cwability  versus  the  orienution  of  angle-ply  laminates,  to  three  thicknesses  of  pressure 
vessels  defined  by  the  ratio  of  inner  to  outer  rato  a/b. 


Simple  stress  analysis  of  pressure  vessels  predicts  half  as  much  stress  in  the  axial  direction  relative  to  the 
tanj^tial  direction.  Accordingly,  netting  analysis  translates  the  1  to  2  stress  ratio,  into  a  1  to  2  laminate,  that  is 
[(V902].  As  seen  in  Figures  la  and  2a  mis  can  be  an  acceptable  criteria  for  cross-ply  laminates,  but  leads  to 
misleading  conclusions  to  angle-ply  laminates,  in  which  load  interactions  and  nutrix  contributions  are  more 
imporamt.  Netting  analysis  incorrectly  implies  that  the  [0^02]  and  the[±54.75]  laminates  are  equally  acceptable. 
Additionally,  netting  analysis  does  mx  (Ufferentiate  between  extemri  and  internal  pressure,  indiscriminately 
specifying  the  same  laminate.  According  to  a  more  sophisticated  thick  wall  cylinder  analysis.  Figure  Ib  shows 
that  for  internal  pressure  a  [±52]  Ituninate  is  significantly  better  than  a  [±S4.7S],  while  Figure  2b  shows  that  for 
external  pressure  a  (±60]  laminate  is  foe  best  angle-ply.  Note  diat  thick  wall  cylinder  analysis  is  able  to  predict  a 
maximum  (nessuie  ctqtability  that  is  three  times  grei^  under  external  pressure. 

It  can  be  concluded  that  netting  analysis  ignores  several  inmortant  factors,  such  as  load  interaction  and  matrix 
degradation,  and  consequently  oversimplifies  the  analysis  and  leads  to  erroneous  design. 
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B.  Carpet  Hots 

Another  example  of  a  detrimental  shwtcut  can  be  seen  in  the  comparison  of  laminates  designed  by  carpet  plots 
versus  those  by  laminated  plate  theoiy.  Carpet  plots  simplify  laminate  analysis  by  decomposmg  a  comidex  stress 
into  three  simple  stresses,  based  on  the  assumed  validity  of  the  principle  of  supoposition  for  strength.  Hgure  3 
conqtares  Ae  two  design  methods. 


T3/5  B/S  AS/3  E-fl  K«V  AS/P  IMS  T3/r 
Representative  composite  mateiiels 


FIGURE  3  Number  of  plies  required  as  a  function  of  composite  material  to  sustain  an  applied  load  (4, -2,1 ) 
NCN/m,  as  predicted  by  lairunated  plate  theory  and  carpet  plots. 

For  an  applied  load  (4,-2, 1 )  MN/m,  the  carpet  plot  design  would  treat  it  as  multiple  loads:  (4,0,0),  (0.-2,0), 
and  (0,0,1 ).  Fm  this  load,  carpet  plot  is  over  conservative  by  a  factor  of  two.  If  a  load  is  complex,  it  must  be 
tieat^  as  such.  Superposition  does  not  work  for  strengdi. 

We  are  sorry  to  report  that  carpet  plots  are  still  in  use,  including  the  data  shared  by  the  consortium  of  the  current 
European  fighter.  We  are  not  challen^ng  a  discrepancy  of  20  percent  that  may  exist  between  different 
approaches.  We  are  talking  about  sevoal  hundred  perrant  As  great  as  composite  materials  are,  they  caiuiot  be 
competitive  if  simplified  approaches  carry  with  them  such  penalties. 

C.  Non-interactive  Maximum  Strain  Criterion 

If  failure  modes  are  non-interacting,  as  it  is  assumed  in  the  maximum  stress  and  maximum  strain  criteria,  multiple 
loads  can  be  "synthesized"  as  one  complex  stress.  Figure  4  compares  the  thicknesses  of  laminates  designed  for 
the  simplified  one  load  case  and  for  the  actual  tluee  load  multiple  case. 


T3/5  0/5  AS/S  E-fl  K«v  AS/P  IM6  T3/F 
Representative  composite  materials 


FIGURE  4  Number  of  plies  required  as  a  function  of  conqxisite  material  to  sustain  a  case  of  multiple  loads 
((4,0,0),  (0,-2,0),  and  (0,0,1 )  MN/m,  as  predicted  by  laminated  plate  theeny  and  carpet  plots. 

For  a  multiple  load  case  of  (4,0,0),  (0,-2,0),and  (0,0,1)  which  would  require  the  stress  analysis  be  done  thrM 
times,  the  duign  is  simplifi^  to  the  stress  analysis  of  a  single,  complex  load  (4,-2,l ).  Hgure  4  shows  that  this 
reduction  of  the  load  case  leads  to  thicker  laminates  than  required,  calling  for  more  than  twice  as  many  plies  and 
malting  composite  materials  unoonqretitive.  The  error  however  is  not  consistent'  in  other  load  cases,  the  predicted 
result  cdls  for  less  plies  than  necessary,  resulting  in  an  unsafe  design.  We  cannot  afford  this  simplified  tqiproach. 


D.  Progressive  Failure  Prediction 

One  example  of  industry's  dismissal  of  analysis  is  that  they  ignore  matrix  failure,  the  signal  of  initial  laminate 
failure.  Hie  disagreement  is  whether  matrix  failure  prior  to  ultimate  failure  in  a  multidirectional  laminate  shotM  be 
considered.  Industry  claims  that  they  ate  only  interested  in  ultimate  failure  caused  by  fiber  failure,  not  recognizing 
diat  fiber  failure  d^nds  on  matrix  railure  arid  must  be  accounted  for  in  the  analysis. 

The  difierence  between  a  failure  criterion  with  matrix  degradation  and  that  without  is  shown  in  Figure  5  for  an 
applied  complex  stress  of  (3,2,1)  MPa.  Note  that  for  a  d^gn  that  ignores  matrix  degradation,  unsaie  laminates 
ate  selected.  It  is  therefore  an  unconsetvative  methodology. 


tiatarlal:  T300/S206 


Daat  (11/4]  lamlnataa 


FIGURE  S  Number  of  plies  required  to  sustain  a  load  of  (3,2,1 }  for  different  k/4  laminates  with  and  without 
matrix  degradation  theory.  The  sequence  of  numbers  in  brackets  on  die  ordinate  axis  indicate  die 
ratio  of  0, 90,  -45  degree  plies  in  the  laminate;  for  example  [3230]  implies  [(^,902,4S3,-4So]s- 


Another  example  of  the  comparison  can  be  seen  in  Figure  6  where  the  strength  ratios  of  two  laminates  are 
compared  for  a  variety  of  loading  vectors. 
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Load  vectors 

I.O.OJ-^  M  1,0,0) 
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Thickness  ratio  of 
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FIGURE  6  Ratio  between  number  of  plies  required  by  theories  with  and  without  matrix  degradation  versus 
different  load  vectors  for  two  lammates.  Note  that  a  ratio  greater  than  one  inoplics  that  a  criterion 
without  matrix  degradation,  like  carpet  plots,  gives  an  un^e  design  prediction. 


The  ratios  on  the  abscissa  axis  show  that  the  ptedicred  strength  of  laminates  designed  using  a  criterion  that  does 
not  consider  matrix  cracking  will  be  higher  (translating  into  a  lesser  required  thickness)  than  diat  designed  with 
one  that  does  conmnsate  for  matrix  cracks.  The  former  over-estimates  the  strengdi,  is  therefore  unconservative 
by  a  factor  over  2.2  for  some  loadings.  To  date,  we  believe  that  such  errors  have  been  hidden  by  the  multitude  of 
safety  factors  imposed  at  so  many  steps  in  the  d^gn  process. 


The  problem  with  ignoring  frogressive  failure  is  that  it  severely  handicaps  the  understanding  of  conqiosites 
behavior.  Using  metals  terminology,  initial  matrix  failure  can  be  viewed  as  limit  strength  and  fiber  failure  as 
ultimate  strengdi.  While  the  ratio  of  ultimate  and  limit  strengAs  for  metals  is  typicdly  1.S,  this  ratio  for 
composites  is  very  laminate  dependent  A  physical  interpretation  is  that  this  ratio  detemtines  whether  or  not  the 
failure  is  instantaneous  and  catastrophic. 


4.  CONCLUSIONS  AND  RECOMMENDATIONS 

At  present  lamination  is  guided  by  sitrqile  rules,  and  failure  predictions  are  generally  made  using  the  maximum 
strain  failure  criterion.  Inherent  in  this  failure  criterion  is  the  concept  of  strain  allowables,  which  is  easy  to 
visualize  but  does  not  do  justice  to  composite  materials.  Redundant  safety  factors,  conservative  design,  and 
extensive  empit^  testing  have  resulted  in  many  successful  composites  applications.  Nevertheless,  conqxisites 
design  hardly  utilizes  diiectionality,  falling  fsr  fioro  structural  optiinization. 

Structural  optimization  requites  die  use  of  analysis.  When  analysis  is  used  in  composites  design,  it  is  the  accqited 
laminated  plate  theory,  usually  introduced  during  the  last  stages  of  the  design  process,  i  ju^niiwvt  pUte  theory 
should  be  mtroduced  earlier,  along  with  a  progrmve  failure  criterion.  This  method  provides  a  reasonable  first 
approximation  and  better  reliability  than  current  design  practises.  This  approach  can  then  be  developed  into  an 
intemted  design  methodology  m  mitliimH  in  rnirnwrit*^  Deaim. 

As  an  illustration  of  the  levels  of  analysis.  Table  1  is  intended  to  summarize  the  analytical  cqiabilities.  Level  1, 
based  on  classical  lamiiuted  plate  theory  (CPT)  and  the  maximum  failure  criterion,  is  the  accqited  practice  by 
many  oooqianies.  Level  2,  based  on  CFr  and  die  quadratic  failure  criterion  which  includes  progiesnve  failure, 
should  be  consideied  the  ntinimum.  Level  3  is  being  developed;  and  Level  4  should  be  ready  in  the  not  too  distant 
future.  These  levels  ate  generic  formulations  of  boundary-value  problems.  Problems  openings,  Ixdted  joints, 
and  tnnsvene  impact  ate  sdvable  within  the  tame  ftameworfc  using  different  boundary  conditions. 
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TABLE  1  PRESENT  AND  FUTURE  LEVELS  OF  ANALYTICAL  CAPABIUTIES 


Level 

Moduli 

Failure 

Progrese  failure 

1 

CPT  2-D 

Hex  strain 

Not  Included 

2 

CPT2-D 

Ouadretic 

2-D  Included 

3 

Orthotropic  3-0 

Intra  -  quadratic 

Inter  -  parabolic 

2-D  Included 

4 

Monocllnlc  3-D 

Intre  -  quadratic 

Inter  -  parabolic 

3-D  Included 

Our  lecommendatioa  is  that  Level  3  should  accommodate  the  analysis  of  thick  laminates,  with  progressive  failures 
for  both  intra-  and  interlaminar  failures.  A  typical  flow  diagram  may  look  like  that  shown  in  Figure  7. 


FIGURE  7  Key  ideas  of  the  Level  3  (orthotropic  three-dimensional)  theory  scheme 


The  fbrst  generation  three-dimensional  ttxxiel  is  best  limited  to  homogenized,  orthotropic  materials.  With  this 
assumption,  all  off-axis  plies  must  be  grouped  together.  Having  only  nine  independent  constants,  fast  stress 
analysis  is  possible.  The  progressive  failure  analysis  is  conducted  on  a  ply-by-ply  basis.  This  tq^noach  has  been 
applied  using  lamiiuued  plate  theoiy  on  siiirole  structures,  such  as  a  plate  with  a  circular  hole  subjected  to  normal 
stresses,  with  good  results.  The  effect  of  the  hole  size  has  been  shown  without  resorting  to  the  use  of  an 
en^irical  length  for  the  point-stress  or  average-stress  approximation.  A  truly  three-dimensional  approach  is  being 
developed. 


It  is  hoped  that  as  improved  stress  analysis  and  failure  criteria  are  develqied,  the  correlation  between  analytic 
prediction  of  failures  will  match  experimental  observation  closer  than  can  be  achieved  today.  With  imjnoved 
tools,  a  factor  of  two  weight  reduction  over  aluminum  will  be  routinely  achievable  in  the  structural  utilization  of 
copyosite  materials,  We  expect  to  reach  this  aqMbiUty  in  less  than  five  years. 
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ABSTRACT 


On  the  basis  of  the  experience  with  the  FOKKER  100  development  and  full-scale  testing,  the 
qualification  process  leading  to  a  certified  aircraft  structure  is  reviewed.The  question  whether  the 
state  of  the  art  is  satisfactory  or  not  is  discussed,  seen  from  the  viewpoint  of  the  F.E.M.  specialist, 
the  manager,  the  structural  specialist  and  the  authorities.  Special  attention  is  given  to  the 
problems  with  derivative  aircraft  with  respect  to  the  requirements.  Computer  simulation  as  a 
replacement  for  full-scale  testing  is  discussed  and  rejected.  The  practical  compromises  in  full-scale 
testing  and  F.E.M.  model  verification  are  discussed  and  some  crucial  experiences  with  the 
testprogram  are  considered. 

1.  INTRODUCTION 

In  the  aircraft  industry  there  is  a  tradition  of  testing  to  support  the  analysis.  This  tradition  is  not  the 
same  in  Europe  and  the  USA  and  in  both  regions  it  is  not  such  that  the  extent  of  a  test  program  is  easy  to 
establish. 

For  completely  new  types  the  tradition  leads  more  or  less  directly  to  a  full-scale  test  program  with  two  or  three 
test  articles,  when  the  type  is  successful  a  series  of  derivatives  may  follow  for  which  tradition  and  legislation 
are  inadequate  in  defining  the  level  of  testing. 

There  are  formal  requirements,  issued  by  J.A.A.  and  F.A.A.,  but  the  articles  are  such  that  additional 
interpretative  material  is  necessary  and  even  then  interpretation  depends  on  several  parameters  of  a  subjective 
nature. 

Especially  for  derivative  aircraft,  for  which  a  basic  design  has  been  tested  earlier,  there  is  no  definition  of  what  is 
to  be  considered  as  'acceptable  extrapolation*. 

This  is  even  more  difficult  when  a  step  by  step  approach  to  development  is  followed.  Somewhere  in  this  process 
the  discussion  will  start  whether  new  tests  are  necessary  or  not.  Different  opinions,  depending  on  the  different 
responsibilities,  will  arise.  The  F.E.M.  specialist,  the  manager,  the  authorities  and  the  stressman/designer  may 
disagree.  In  the  case  of  the  FOKKER  100,  after  a  discussion  period  which  lasted  for  more  than  a  year,  a  new  full- 
scale  test  program,  probably  unprecedented  in  scope  for  a  derivative  aircraft  was  established. 

Comparing  different  industries  it  is  clear  that  the  aircraft  industry  is  in  a  favourable  position  because 
full-scale  testing  is  a  possibility.  A  full-scale  test  on  a  skyscraper  for  earthquake  has  to  wait  for  a  natural  earthquake. 
Since  there  are  more  industries  where  there  is  no  other  way  than  reliance  on  other  means  of  compliance  than 
full-scale  testing  this  workshop  intends  to  investigate  why  the  aircraft  industry  cannot  rely  mainly  on  improved 
analysis  techniques. 

2.  VIEWPOINTS 

The  hypothetical  viewpoints  of  different  specialists  will  be  considered.  They  are  more  or  less 
caricaturistic  in  order  to  illustrate  the  situation  of  conflicting  interests. 

2.1  THE  VIEWPOINT  OF  THE  F.E.M.  SPECIAUST 

Working  in  the  field  of  FEM  codes  and  testing  of  finite  element  behaviour,  he  is  adept  at  designing 
FEM  models  fOr  problems  with  a  known  theoretical  solution  and  hopes  to  see  his  knowledge  reflected  In 
production  models. 

However,  it  is  a  horror  for  him  to  see  that  production  models  are  composed  by  stress  people  who  insufficiently 
understand  the  mathematics  of  discretization  and  who,  under  time  pressure,  are  satisfied  with  geometrical 
compromises. 
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He  will  not  be  surprised  by  bad  correlation  with  measurements.  It  is  beyond  his  understanding  that  it  is  normal 
practice  to  predict  failure  loads  with  linear  elastic  analysis. 

On  the  other  hand  he  sees  within  reach  the  next  generation  of  computers  enabling  another  order  of  complexity  in 
analysis  with  which  he  claimes  true  simulation  of  structural  behaviour  may  become  a  reality,  and  analysis  may  offer 
many  more  possibilities  than  full-scale  testing  because  the  mathematical  test  article  will  be  re-usable. 

2.2  THE  VIEWPOINT  OF  THE  MANAGER 

For  this  purpose  the  manager  is  defined  as  a  specialist  in  getting  things  done  and  who  has  to  take  the 
decision  where  rationality  fails  or  in  the  case  of  conflicting  interests.  Considering  the  level  of  structural  integrity  of 
the  aircraft  flying  around  the  world  and  observing  (in  the  case  of  the  FOKKER 100)  that  in  the  static  full-scale  tests 
failures  only  occurred  above  the  load  level  to  be  certified,  he  could  be  satisfied  with  the  state  of  the  art  in 
structures. 

He  could  ask:  'How  can  we  save  costs;  can  we  omit  these  expensive  tests  when  the  only  use  of  it  is  to  show  that 
the  design  team  did  a  good  job  ?’  and  'How  can  this  design  team  do  such  a  job  faster  and  cheaper  ?' 

He  expects  from  automation  a  fast  pre-  and  post  processing  replacing  engineering  judgement  by  a  push-button 
procedure. 

Up  tili  now  the  design  team  has  asked  for  ever  better  computer  power  but  this  did  not  result  in  less  man  hours  per 
weight  unit.  He  is  suspicious  concerning  improving  analysis  quality  and  he  fears  hobbyism.  A  method  which 
prevents  exploding  analysis  cost  is  to  limit  resources.  There  are  a  lot  of  other  areas  in  which  the  money  can  be 
spent  with  more  promising  sales  potential. 

2  3  THE  VIEWPOINT  OF  THE  AUTHORITY 

Authorities  are  not  equipped  to  check  the  analysis  in  detaii.  They  know  that  computer  results  and 
other  paper  work  is  one  thing  and  an  aircraft  is  another.  There  have  been  a  number  of  surprises  during  tests  and 
with  the  operation  of  aircraft.  At  least  in  Europe  they  see  full-scale  tests  as  means  of  compliance  with  the 
requirements. 

However,  their  position  is  more  jurisprudentiai  than  technical.  They  are  also  victims  of  their  own  legislation  as  far  as 
interpretation  is  concerned. 

In  the  interpretative  material  the  following  is  added  to  JAR  (A(U  25.307)  and  illustrates  the  nature  of  the  bargain: 

'In  deciding  the  need  for  and  the  extent  of  testing  including  the  load  levels  to  be  achieved  the  following  factors 
will  be  considered  by  the  authority: 

a)  The  confidence  which  can  be  attached  to  the  constructor's  overall  experience  in  respect  to  certain  types  of 
aeroplanes  in  designing,  buiiding  and  testing  aeroplanes 

b)  whether  the  aeroplane  in  question  is  a  new  type  or  a  development  of  an  existing  type  having  the  same  basic 
structural  design  and  having  been  previously  tested,  and  how  far  the  static  strength  testing  can  be 
extrapolated  to  allow  for  development  of  the  particular  type  of  aeroplane. 

c)  The  importance  and  value  of  detail  and/or  component  testing  including  representation  of  parts  of  structure 
not  being  tested,  and 

d)  the  degree  to  which  credit  can  be  given  for  operating  experience  where  it  is  a  matter  of  importing  for  the  first 
time  an  old  type  of  aeroplane  which  has  not  been  tested.' 

It  requires  detailed  knowledge  of  the  design  parameters  and  foregoing  experience  to  arrive  at  a  subjective 
judgement.  Based  on  these  ground  rules  decisions  need  to  be  taken  in  the  early  stage  of  a  project.  Authorities 
do  not  like  to  be  put  in  a  position  of  taking  part  in  decision  making  which  they  consider  as  the  manufacturers 
responsibility.  This  means  that  pre-interpretation  has  to  be  done  by  the  manufacturer  and  agreement  sought  from 
the  authorities  much  later  when  sufficient  information  is  available.  This  conflict  of  priorities  is  avoided  when  the 
manufacturer  decides  in  an  early  stage  to  go  for  full-scale  testing.  If  testing  is  considered  necessary  than  JAR 
requires  in  principle  ultimate  loads  whereas  FAR  states:  'fhe  administrator  may  require  ultimate  load  tests  in  cases 
where  limit  load  tests  may  be  inadequate'. 

If  it  concerns  a  development  of  an  existing  type  it  can  be  expected  that  the  manufacturer's  interpretation  differs 
from  his  authority's  and  even  different  authorities  may  have  different  opinions. 

2.4  THE  VIEWPOINT  OF  THE  STRESSMANyDESiONER 

The  stressman  especially  is  aware  of  the  iterative  nature  of  the  design  process  which,  in  his 
perception,  may  not  converge  to  the  ideal  solution.  The  final  F.E.M.  results  based  on  final  loads  will  come  after 
drawing  release  and  hopefully  in  time  for  certification.  The  design  phase  Is  a  hectic  period  In  which  things  do  not 
always  go  along  the  lines  he  desires.  In  case  of  a  derivative  design  there  is  a  great  pressure  to  maintain  structural 
lay-outs  as  much  as  possible,  it  leads  to  a  more  efficient  structure  but  there  is  a  risk  of  going  too  far. 
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In  the  fixed  period  between  go  ahead  and  certification  ever  more  jobs  are  crammed.  Aiready  during  this  period 
new  variants  upon  the  basic  aircraft  are  started  in  the  design  office  requiring  the  attention  of  the  same  peopie 
who  are  already  overloaded.  The  task  of  damage  tolerance  justification  is  forced  into  this  period  as  weli. 
Impiementation  of  the  damage  tolerance  requirements  today  is  different  from  the  expectation  at  the  issue  date  of 
art.  25.571  in  1978.  From  the  side  of  the  legislator  it  was  not  intended  that  the  availabie  data  for  inspections  shouid 
be  better  than  a  safe  assumption;  it  couid  be  updated  along  with  improved  knowledge.  However,  this  approach 
was  not  to  the  satisfaction  of  the  operators  who  require  the  final  results  on  certification  date. 

As  far  as  full-scale  testing  is  concerned  the  stressman  should  believe  in  his  own  analysis  and  the  conservatism  of 
the  assumptions.  Added  to  that  the  knowledge  that  real  structure  should  show  better  reserve  factors  than  analysis 
because  of  positive  geometry  tolerances  and  better  material  data  than  the  design  values  he  should  advocate  the 
uselessness  of  testing.  Nevertheless  he  is  the  one  who  has  firstly  to  answer  the  question  whether  such  testing  is 
necessary  or  not.  Although  this  question  is  confused  by  politics  and  company  interests  the  stressman  is  considered 
to  be  able  to  come  up  with  cheaper  alternatives  with  sufficient  conclusive  force. 

5  PECULIARITIES  OF  AIRCRAFT  STRUCTURES 

A  very  important  difference  with  other  industries  is  that  aircraft  are  built  in  series  production  in 
numbers  than  can  reach  to  over  a  thousand  of  a  type. 

As  a  means  of  public  transport  the  highest  level  of  safety  is  required;  the  impact  of  a  failure  on  public  opinion  and 
on  the  industry  is  enormous. 

The  aircraft  is  the  only  means  of  public  transport  that  cannot  stop  in  its  own  environment  and  cannot  operate  at 
factors  of  safety  applied  to  the  other  forms  of  transportation.  The  requirement  25. 305  imposes  a  factor  of  1 .5  on 
the  external  limit  loads.  These  limit  loads  are  not  impossible  in  normal  operation. 

The  structural  concepts  are  such  that  non-linear  elastic  behaviour  is  accepted  below  limit  load  and  non  elastic 
behaviour  below  ultimate  load. 

To  determine  the  allowable  load  for  a  structural  part  is  often  not  a  simple  task.  Simplifying  assumptions  are  used 
for  which  it  is  not  always  possible  to  ascertain  that  they  are  conservative. 

Allowable  loads  of  structural  elements  have  been  established  in  general  based  on  non-elastic  behaviour  but 
without  feed  back,  up  till  now,  to  the  FEM  analysis  in  terms  of  stiffness  reduction.  Furthermore  there  is  the 
influence  of  detail  design  on  general  instability  phenomena  and  fatigue.  This  influence  is  generally  too  complex  to 
take  into  account  and  often  not  revealed  before  failure  on  test  or  in  service. 

Aircraft  structures  are  composed  of  many  bits  and  pieces  with  a  great  number  of  attachments  and  fasteners. 

The  load  transfer  and  local  stresses  follow  a  different  pattern  at  ultimate  load  condition  and  under  fatigue  loading, 
(yielding  versus  elastic). 

In  many  cases  the  influence  of  yielding  is  taken  into  account  by  very  simple  assumptions.  The  elastic  stresses  for 
fatigue  loads  in  complex  details  could  in  theory  be  better  analyzed  but  this  requires  an  effort  which  is  not  feasible 
during  the  development  phase. 

Up  till  now  the  internal  loads  are  calculated  with  linear  elastic  methods,  also  for  ultimate  external  loads. 

Considering  the  uncertainties  at  and  below  ultimate  load  one  could  have  doubts  whether  the  usual  analysis 
procedure  can  produce  sufficient  means  of  compliance  with  article  25.503  or  not. 

Given  the  fact  that  full-scale  testing  is  a  practical  possibility  and,  in  relation  to  the  development  cost  of  a  new 
project,  also  an  economic  possibility  it  is  understandable  that  it  became  a  tradition. 


4.  GENERAL  CONSIDERATIONS  ABOUT  FULL-SCALE  TESTING 

Although  full-scale  testing  for  new  projects  is  reasonably  well  defined  in  J.A.R.,  working  groups  still 
discuss  whether  it  could  be  sufficient  to  test  no  further  than  limit  load,  in  fact  this  is  the  basic  FA. A,  requirement 
although  occasionally  in  the  USA  ultimate  load  tests  have  been  done.  It  is  the  author's  opinion  that  a  limit  load  test 
requirement  makes  no  sense. 

From  a  mature  industry  it  can  be  expected  that  their  products  are  anyway  good  enough  to  take  limit  load. 

A  strain  gauge  measurement  program  makes  sense  in  the  linear  phase  but  this  is  a  separate  subject  and  not 
necessarily  connected  with  limit  load  testing  as  a  requirement.  In  this  respect  it  is  interesting  to  quote  from  (ref.  1). 
'The  accuracy  of  durability  analysis  will  be  improved  by  direct  stress  measurements  from  the  full-scale  test  article 
eliminating  the  need  for  costly  finite  element  analysis’. 

Somewhere  between  limit  load  and  ultimate  load  uncertainties  begin  to  appear.  Often  a  premature 
failure  is  introduced  by  a  local  secondary  deformation  or  even  a  real  omission  such  as  missing  fasteners.  The 
ultimate  load  test  is  obviously  the  only  way  to  reveal  such  points  or  to  show  that  they  are  not  important  below  the 
tested  ultimate  value. 

An  inconsistency  is  introduced  with  the  acceptance  of  a  certain  growth  on  the  basis  of  extrapolation;  acceptance 
of  extrapolation  based  on  subjective  judgement  and  pragmatic  legislation  is  not  consistent  with  the  turmoil  which 
is  produced  by  a  test  failure  at  load  factor  1 .48  instead  of  1 .5. 
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Only  the  failures  are  corrected  which  emerged  under  1 .5  and  not  the  ones  just  above  1 .5  because  they  remained 
unknown. 

Since  every  successful  type  gets  larger  derivatives  the  truth  of  the  matter  is  that  not  many  aircraft  in 
operation  have  been  certified  according  to  the  test  specification. 

Should  the  basic  type  have  been  tested  only  up  to  limit  load  this  could  mean  that  after  a  growth  period,  only  70  % 
of  limit  load  or  less  than  50  %  of  ultimate  load  is  covered  by  test  results. 

A  last  opportunity  is  a  test  to  failure.  It  is  obvious  that  doing  this  only  one  load  case  can  be  tested  when 
the  damage  is  not  repairable.  Usually  wing  upward  bending  is  chosen  because  it  is  in  the  manufacturer’s  interest  to 
establish  growth  potential.  The  breakspot  is  then  improved  for  further  growth  by  extrapolation. 

A  remarkable  precedent  has  been  created  by  the  Dutch  RLD.  In  theory  a  downward  wing  bending  test 
is  at  least  as  important  as  an  upward  bending  because  generally  the  lower  skin  has  many  more  cut-outs. 

RLD  agreed  with  the  omission  of  such  a  test  for  the  FOKKER 100  provided  that  it  could  be  shown  that  an  additional 
safety  factor  in  the  order  of  1 .5  existed. 

In  practice  this  is  not  too  difficult  because  the  lower  skin  is  designed  for  a  fatigue  life  of  90.000  flights  so  the 
compressive  stresses  are  relatively  low. 

Extending  this  precedent  could  mean  that  the  normal  safety  factor  of  1 .5  is  only  valid  in  case  a  test  is  done, 
otherwise  2.25  is  required. 

As  far  as  fatigue  testing  is  concerned  the  European  and  the  US  requirements  are  also  different 
although  in  the  wake  of  the  Aloha  incident  F.A.A.  NPRM's  are  in  the  pipeline  which  should  eliminate  the  differences. 
The  main  discussion  item  is  the  two  life  times  full-scale  test  requirement  but  again  derivative  aircraft  are  difficult  to 
compel  into  this  concept  and  old  timers  for  which  it  is  really  important  were  often  not  tested  adequately. 

Requirements  is  one  thing,  manufacturer's  interest  another. 

The  confidence  which  is  created  on  the  side  of  customers  and  authorities  by  a  good  test  program  is  of  great  value. 
Revealing  discrepancies  early  in  the  production  phase  is  an  important  driver,  confining  costly  corrections  to  fewer 
aircraft. 

The  timely  solution  of  one  discrepancy  can  pay  back  the  total  investment  in  testing. 

Testing  also  has  its  imperfections. 

It  is  unknown  on  which  side  of  the  scatter  band  a  full-scale  test  result  lies. 

Despite  good  test  results  cracks  may  appear  in  service  revealing  that  some  details  in  the  test  load  application  were 
not  representative  or  the  typical  flight  definition  does  not  correspond  with  later  operation  practice. 


5  ANALYSIS  QUALITY 

Analysis  is  not  confined  to  the  definition  of  the  F.E.M.  idealization.  Interpretation  of  the  results  and 
transforming  them,  if  necessary,  to  enable  the  comparison  with  allowables  is  the  real  Job  of  the  stressman. 

Judging  the  quality  of  this  process  as  a  hole  is  not  easy;  one  missed  local  problem  might  ruin  the  confidence  in  the 
total  effort. 

There  are  only  incidental  occasions  for  checking  the  quality  since  it  can  only  be  done  by  full-scale  testing  and  even 
this  check  is  not  perfect. 

There  may  be  differences  between  manufacturers  because  of  differences  in  resources,  philosophies  and 
experiences.  Some  general  remarks  about  limitations  of  the  analysis  techniques  have  also  been  made  in  other 
paragraphs. 

I  will  expand  now  a  little  on  some  peculiarities  of  the  FOKKER  100  F.E.M.  analysis,  dated  1984,  especially  those  which 
we  intend  to  improve  in  the  next  generation. 

Competition  for  computer  capacity  meant  we  had  to  choose  between  detailed  modelling  within  components  with 
debatable  boundary  conditions  or  optimizing  component  boundary  conditions  at  the  expense  of  some  details  in 
modelling. 

We  decided  to  opt  for  an  almost  complete  aircraft  model  built  up  from  substructures  in  order  to  get  the  best 
compromise  in  global  and  local  stress  distribution.  The  price  of  this  was  a  lumped  stringer  concept  (72  real  fuselage 
stringers:=32  model  stringers,  17  wing  upper  panel  stiffeners:=9  model  stiffeners,  28  lower  wing  panel 
stiffeners:=9  model  stiffeners).  Cabin  windows  were  treated  as  panels  with  reduced  stiffness.  Cut  outs  for  doors 
and  hatches  were  rectangular  with  sharp  corners,  (fig.  1). 

Fuselage  frames  were  eccentric  beam  elements,  coupled  to  the  skin  grid  by  shear  cleats  with  low  radial  stiffness. 
For  cabin  windows  and  door  cut  outs  the  F.E.M.  analysis  gives  only  general  results  which  have  to  be  interpreted  by 
engineering  Judgement.  Improvement  of  such  details  for  fatigue  analysis  requires  very  fine  modelling  (plate 
bending  effects  should  also  be  taken  into  account).  A  trial  calculation  with  rounded  off  cut-out  comers  which 
could  be  compared  with  strain  gauge  readings  from  the  fatigue  test  article  (fig.  id)  was  made  after  the  static 
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failure  (ref.  par.  6.1.1.  a4).  The  correlation  was  promising  at  the  fatigue  load  level  but  for  the  ultimate  load  case  the 
stresses  were  so  far  above  yield  stress  values  that  no  relation  with  the  failure  load  could  be  established.  A  thorough 
investigation  is  still  necessary  to  explain  this. 

The  centre  wing  upper  panel  is  subjected  to  a  complicated  loading  system.  Wing  bending  together 
with  loads  from  crushing,  cabin  pressure  and  inertia  loads  supported  by  elastic  ribs. 

The  F.E.M.  analysis  only  produces  the  wing  bending  stresses  to  be  used  further  in  a  compression  bending 
calculation. 

Research  analysis  has  been  performed  by  the  National  Aerospace  Laboratory  (N.L.R.)  on  the  critical  loaded  stiffener 
with  the  computer  program  STAGS  (ref.2).  The  collapse  behaviour  was  investigated  taking  into  account  different 
combinations  of  the  variables.  Although  the  results  are  really  interesting  this  analysis  is  far  from  the  wish  to 
simulate  the  complete  upper  panel  with  its  curvature  and  var^ng  load  distribution  in  chordwise  direction. 

The  collapse  load  comes  remarkably  close  to  that  of  the  formal  certification  analysis  in  which  the  area  where 
yielding  takes  place  was  assumed  on  another  location. 

Since  this  type  of  structure,  as  a  consequence  of  weight  grovrth,  will  be  used  up  to  its  limits  it  is  a  strong  desire  to 
know  the  collapse  load  very  accurately. 

The  NLR  report  closes  with  the  remark  that:  'In  principle  such  complete  simulation  of  the  panel  with  all  its  details  is 
coming  within  the  range  of  possibilities.  The  only  barrier  at  this  moment  is  the  tremendous  computer  costs 
connected  with  such  undertaking”. 

Such  a  remark  is  outdated  very  soon;  a  new  generation  of  hardware  and  software  may  change  the  world. 

Although  the  analysis  is  done  according  to  the  requirements,  combining  ultimate  wing  bending  with 
1 .5  X  cabin  pressure  (max.  relief  valve  setting),  we  used  the  escape  clause  that  for  testing  a  lower  level  can  be 
agreed  with  the  authority.  We  consider  stability  problems  induced  by  cabin  pressures  above  max.  relief  valve 
setting  unrealistic  and  sufficiently  covered  by  ultimate  wing  bending  with  a  factor  of  1.2  on  the  max.  relief  valve 
setting  in  a  full-scale  test. 

The  F.E.M.  model,  designed  for  static  loads  has  also  been  used  for  the  fatigue  loads.  The  results,  in 
terms  of  element  loads,  are  in  general  too  crude  to  be  used  directly  in  a  damage  tolerance  analysis.  They  have  to 
be  translated  by  engineering  judgement  into  detailed  stress  distributions  in  small  areas  of  real  structural  elements, 
taking  into  account  local  eccentricities  and  secondary  effects.  The  required  accuracy  is  very  high  since  there  is  an 
exponential  relation  between  stresses  and  fatigue  life. 

Added  to  this  is  the  incidence  of  substantial  scatter  in  real  hardware  and  the  influence  of  parameters  such  as 
fretting,  surface  condition,  residual  stresses  and  manufacturing  variations. 

Only  a  large  margin  between  required  and  calculated  life  may  be  considered  a  reliable  guarantee  of  problem  free 
life.  But  often  a  factor  of  two  on  the  results  means  the  difference  between  a  serious  problem  and  no  problem  at 
all.  People  working  in  this  field  are  sometimes  at  their  wits'  end  and  not  prepared  to  take  responsibility  for  the 
conclusions. 

There  is  a  real  gap  between  this  world  and  the  suggestion  which  is  provoked  by  the  requirement  25.571  that  it 
should  be  possible  at  date  of  certification  to  deliver  the  ultimate  proof. 

A  more  accurate  F.E.M.  analysis  can  make  this  process  more  reliable  but  it  remains  only  a  part  of  the  game.  At  least 
one  positive  thing  can  be  mentioned  about  this  imperfect  process;  It  requires  additional  attention  for  the 
design  details  with  respect  to  damage  tolerance  which  means  a  quality  improvement;  gaining  experience  is  the 
only  way  to  improve  methods. 

Similar  conclusions  can  be  found  in  professor  J.  Schyve's  paper  (ref.  3). 

quote:  1)  Predictions  for  specific  design  situations  can  be  considered  as  estimates  only,  which  generally  will  have 
low  and  unknown  accuracy.  If  they  are  still  used  for  design  purposes  substantial  safety  factors  should 
be  introduced  with  the  risk  of  undue  weigh  penalties. 

2)  In  view  of  the  limited  accuracy  of  predictions,  experimental  verification  is  very  much  necessary  if 
weight  penalties  should  be  avoided.  From  the  previous  discussion  on  full-scale  testing  it  will  be  dear 
that  such  experiments  should  be  carried  out  on  realistic  spedmens  with  realistic  flight-by-flight  load 
sequences. 


6.  TESTING  OF  THE  FOKKER 100 

Considering  this  project  as  a  derivative  aircraft  the  discussion  about  the  necessity  of  testing  was 
difficult,  it  would  become  the  first  derivative  with  a  full-scale  test  program  which  was  a  disadvantage  against  the 
competition  in  program  cost,  in  the  beginning  the  status  of  the  project  was  to  extend  the  F28  production  line  for 
a  number  of  years.  Nobody  saw  at  that  moment  the  sales  success  which  developed.  During  the  design  phase  the 
prcyect  status  altered  to  a  state  of  the  art  concept  for  the  future. 

Together  with  a  number  of  geometry  and  weight  increases  this  led  to  the  condusion  that  extrapolation  from  F28 
testing  had  no  credibility  and  a  new  test  program  was  established. 
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This  program  consists  of  two  fuii-scale  test  articies  for  wing  and  fuselage  (static  as  well  as  fatigue),  a 
test  set  up  for  the  horizontal  stabilizer  with  upper  fin  part  and  test  set  ups  for  engine  support  structure,  moving 
surfaces  and  main  undercarriage. 

In  this  lecture  attention  is  mainly  confined  to  the  two  test  articles  for  wing  and  fuselage  (fig.  2). 

In  order  to  fit  these  tests  into  the  building  facilities  one  test  rig  was  designed  to  perform  both  tests 
consecutively.  This  led  to  considerable  complication  in  scheduling  the  program. 

The  total  elapsed  time,  including  the  decision  phase,  is  in  the  order  of  ten  years. 

1  year  decision  phase 

3  years  preparation  phase 
6  months  static  testing  and  test  article  change 

2  years  crack  initiation 

2  years  crack  growth  and  residual  strength  testing 
1  year  somewhere  in  the  program  for  test  article  change  and  failure  test 

Risks  in  performing  this  scenario  are  numerous.  Ultimate  load  testing  should  cover  the  design 
envelope  but  every  load  case  has  a  potential  failure  risk  jeopardizing  further  testing. 

The  endurance  test  will  produce  cracks.  In  order  to  gather  knowledge  about  crack  growth  those  cracks  are  allowed 
to  grow  much  further  than  in  operation  but  then  repair  may  be  much  more  complicated  and  not  representative 
of  the  standard  repair.  When  a  redesign  is  necessary,  either  a  retro  mod  or  a  series  production  mod,  this  should  be 
fed  back  into  the  test  but  then  life  time  until  repair  is  missed  or  the  test  time  should  be  extended. 

The  requirement  to  test  two  life  times  at  a  conservative  spectrum  is  really  a  challenge,-  during  the  second  life  time 
damages  might  be  expected  which  are  beyond  economic  repair  if  the  design  is  just  good  enough. 

For  the  static  test  program  12  symmetric  load  cases  were  selected  representing  maximum  bending 
and  shear  in  wing  and  fuselage  and  a  few  cases  with  local  importance.  This  was  blown  up  to  45  test  cases  because 
first  a  series  of  limit  load  tests  was  done,  then  the  ultimate  loads  and  after  that  some  cases  at  increased  load  levels. 

The  fatigue  test  is  based  on  a  conservative  spectrum  covering  also  the  operation  in  heavy  gust  areas. 
This  spectrum  has  been  converted  to  a  test  spectrum  by  truncation  on  the  high  end  and  omission  at  the  low  end. 
The  flight  types  and  the  sequence  of  loads  in  each  flight  have  been  fully  randomized.  The  heaviest  load  is  repeated 
once  per  5000  flights.  Details  of  this  test  spectrum  were  presented  in  a  lecture  at  the  ICAF  conference  1985  (ref.  4). 
The  test  spectrum  loads  have  been  increased  to  110  %  in  order  to  speed  up  the  test  experience.  An  economic 
repair  life  of  90.000  flights  will  be  covered.  With  a  scatter  factor  of  two  on  the  results  this  is  180.000  equivalent  test 
flights.  The  test  duration  and  test  experiences  will  be  corrected  for  the  110  %  load  level. 

6.1  SOME  INTERESTING  TEST  EXPERIENCES 

6.1.1  Static  tests 

Four  failures  have  been  encountered. 

a1 )  A  stability  failure  of  stiffeners  in  a  beam  supporting  the  aft  pressure  bulkhead,  just  below  the  required 
2  X  cabin  pressure. 

No  modification  was  required  because  the  specified  load  could  be  maintained. 

a2)  A  stability  failure  in  the  tailcone  5%  above  the  required  load  (stabilizer  down  load)  (fig.  3). 

a3)  A  tension  type  failure  in  the  main  undercarriage  back  up  structure  under  lateral  loading  6%  above  the 
required  load. 

a4)  A  tension  type  failure  in  the  fuselage  side  panel  just  above  the  wing,  starting  from  the  aft  emergency  hatch 
cut-out,  under  high  shear  load  from  a  landing  case  (fig.  4). 

Although  the  load  was  above  the  specified  load  this  case  was  superseded  in  the  mean  time  as  a  result  of  main 
shock  absorber  drop  test  data. 

Certification  could  only  be  obtained  by  modifying  the  shock  absorber  characteristics  and  new  drop  tests. 

Testing  only  up  to  ultimate  load  would  not  have  revealed  these  weak  spots  and  extrapolation  would 
have  been  accepted. 

Although  in  general  such  failures  are  part  of  the  game  they  are  still  a  surprise.  The  exact  failure 
phenomenon  was  not  predicted  and  afterwards  It  Is  not  always  easy  to  explain  it.  in  the  case  of  a2)  It  is  almost 


8-7 


impossible  to  distinguish  primary  and  secondary  damage.  Case  a4)  taught  us  that  the  quality  of  the  F.E.M. 
model  from  the  design  phase  was  inadequate  and  that  the  present  state  of  the  art  (detailed  cut-out  corner 
idealization)  gives  a  much  better  indication  of  local  stresses. 

Are  we  sure  that  this  was  the  last  lesson  we  need  ? 

There  are  still  supporters  of  the  vision  that  speed  during  the  design  phase  is  more  important  than  sophistication ! 
6.1.2  Endurance  test 

Although  scatter  factors  are  applied  to  the  test  results  in  order  to  arrive  at  safe  inspection  instructions, 
the  nominal  test  results  may  still  be  considered  as  representative  of  what  might  happen  in  operation.  Considering 
that  a  heavy  test  spectrum  has  been  chosen,  it  might  well  be  that  in  a  real  aircraft  such  cracks  will  develop  much 
later  if  the  particular  aircraft  encounters  a  lighter  spectrum. 

bl)  Cracks  developed  in  the  corners  of  the  emergency  hatch  cut-outs  above  the  wing  at  20.000  test  flights  and 
more  (see  fig.  5a  and  5b). 

This  problem  has  a  relation  with  the  static  failure  a4). 

A  weak  spot  has  been  improved  in  series  production  by  extending  an  existing  doubler  to  postpone  cracking 
and  to  create  additional  static  strength.  Repair  patches  on  the  test  article  must  show  the  quality  of  the  repair 
in  the  event  of  cracking. 

b2)  A  fuselage  circumferential  joint  strip  at  the  wing  spar  stations  developed  cracks  after  30.000  test  flights  (see 
fig.  6a  and  6b). 

This  was  a  serious  deficiency  which  could  have  resulted  in  the  loss  of  aircraft  if  it  had  remained  unknown. 

A  prompt  modification  action  was  started  and  no  airaaft  are  flying  with  the  original  design.  With  a  detailed 
F.E.M.  model  for  the  stringer  coupling  the  stress  at  the  location  of  the  highest  loaded  rivet  could  be 
established  and  the  phenomenon  explained  afterwards. 

However,  the  stress  department  has  to  take  the  blame  for  not  having  payed  enough  attention  to  this  joint  in 
the  design  phase.  The  fatigue  test  has  paid  off  itself ! 

b3)  Rear  spar  web  cracks  developed  from  the  attachments  to  the  lower  boom  at  52.(XX)  test  flights  and  up  (fig.7). 
Corrected  to  100  %  load  level  this  means  well  over  70.000  unfactored  flights  and  so  only  aircraft  operating 
under  a  similar  spectrum  might  expect  such  cracks  before  the  90.000  flights.  However  the  inspection 
requirement  and  the  eventual  repair  are  a  burden  for  the  operator  so  a  modification  was  considered 
necessary. 

A  more  thorough  fatigue  analysis  during  the  design  phase  could  have  revealed  this  short  life.  However  the 
comparison  with  F28  types  together  with  the  service  experience  until  then  gave  no  reason  for  suspicion. 

The  analysis  presented  for  certification  did  not  reveal  this  problem.  Afterwards  the  results  were  adapted  also 
to  earlier  models  of  the  F28. 

b4)  A  serious  crack  in  the  wing  lower  skin  initiated  from  a  circular  cut-out  for  a  fuel  probe  at  60.(XX)  testflights 
(fig.  8).  The  cause  was  a  design  omission  (the  increased  panel  strength  had  not  been  introduced  in  the  same 
ratio  in  the  cut-out  compensation).  A  redesign  was  considered  necessary. 

b5)  in  the  connecting  elements  of  the  forging  and  the  built-up  frame  structure  of  the  rear  spar  fuselage  frame 
cracks  developed  at  45.000  test  flights  (fig.  9).  A  straight  forward  repair  in  case  of  cracks  was  not  an 
acceptable  approach  because  of  the  inspection  burden  for  the  operator.  A  terminating  action  has  been 
prescribed  by  means  of  an  improved  connection.  Corrected  to  the  100  %  load  level  45.000  test  flights  means 
63000  unfactored  flights.  The  predicted  unfactored  life  based  on  measured  stresses  was  106.000  flights  and 
435.000  flights  based  on  F.E.M.  stresses. 

b6)  At  40.000  and  50.000  flights  the  first  cracks  were  discovered  in  the  piano  hinges  of  the  cargo  doors. 

The  cracks  initiate  from  a  sharp  machined  edge  whic^  can  be  considered  as  an  improper  detail  design. 

(The  test  article  is  of  the  basic  configuration  with  the  small  belly  doors). 


7.  F.E.M.  VERIFICATION 

One  of  the  formal  objectives  of  a  full-scale  test  is  the  verification  of  the  analysis.  Part  of  this  is  the 
F.E.M.  analysis  which,  to  a  certain  extent,  can  be  verified  by  strain  gauge  measurements. 

The  question  is  whether  the  model  maker  created  a  good  simulation  of  real  structural  behaviour. 

Verification  is  confined  to  the  linear  elastic  behaviour;  in  consequence  only  strain  gauges  on  locations  where  this  is 
the  case  can  be  used.  Generally  this  excludes  the  verification  of  stresses  in  thin  panels  of  the  fuselage  because  of 
early  buckling. 
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F.E.M.  models  have  been  designed  to  the  state  of  the  art  of  the  available  computer  power  and  man  power,  so  very 
often  they  do  not  adequately  represent  local  stress  gradients,  exactly  the  subject  of  interest  to  the  stressman  who 
defines  the  straingauge  iocations.  The  number  of  strain  gauges  always  has  a  limit  beiow  the  desired  number  so  only 
a  relatively  small  number  is  suited  for  verification. 

Also  for  the  'ideal'  locations  there  are  causes  for  discrepancies. 

1)  A  special  F.E.M.  model  for  the  test  situation  is  in  fact  needed  because  the  boundary  conditions  and  the  load 
applications  are  different  from  the  real  aircraft.  This  extra  effort  is  not  always  done  and  then  the  comparison 
is  made  with  the  model  which  is  used  for  aircraft  certification. 

2)  Every  F.E.M.  model  is  still  a  discretization  of  reality. 

Every  new  generation  shows  much  more  perfection  and  as  long  as  this  has  an  influence  on  the  results  the 
final  model  has  still  to  come. 

3)  Secondary  load  paths  which  have  not  been  incorporated  in  the  model  may  contribute  to  the  stress 
distribution. 

In  the  FOKKER 100  case  cause  1)  is  applicable  and  we  had  to  wait  for  more  than  two  years  after 
certification  for  an  opportunity  to  correct  this. 

The  criterion  for  'good  correlation'  is  often  not  investigated  and  may  differ  per  location.  Compared  to 
the  theoretical  stress  (real  stress  in  a  theoretical  aircraft  with  all  geometries  of  nominal  values  and  the  nominal 
Young's  modulus),  a  measured  stress  which  is  20%  lower  might  have  a  reasonable  probability  and  even  more  for 
machined  forgings.  In  clean  stiffened  panel  structure,  like  a  wing  upper  panel,  a  better  correlation  must  be 
expected  but  anything  within  5%  is  at  hazard. 

Since  the  analysis  has  its  own  unknown  deviations,  for  which  10%  can  not  be  considered  as  bad  in  a  complicated 
structure,  a  measured  stress  which  is  30%  below  the  calculated  value  is  not  unconditionally  a  bad  performance. 
Higher  stresses  than  calculated  at  important  locations  are  anyway  considered  as  bad  correlation.  The  explanation  for 
a  deviation  is  difficult  to  find  because,  mostly,  only  an  incomplete  picture  is  available  of  the  stress  pattern. 

To  bring  a  F.E.M.  verification,  if  ever  possible,  to  the  scientific  level  of  a  physical  experiment  goes  beyond  the 
objectives  of  a  commercial  activity. 

Nevertheless  some  useful  lessons  are  learned  from  measurements  which  deviate  from  analysis.  It  directs  us  to  the 
locations  where  we  may  achieve  improvements  in  the  F.E.M.  models. 

In  the  formal  sense  verification  has  only  to  show  that  the  analysis  is  conservative  and  we  are  fortunate 
that  is  most  cases  this  is  true. 

As  a  matter  of  fact  the  occasions  for  a  verification  by  full-scale  test  are  very  rare  and  it  is  a  one  shot 
happening  performed  by  a  team  without  an  earlier  comparable  experience.  The  existence  of  a  fatigue  test  article 
provides  the  opportunity  to  have  second  thoughts  and  to  do  local  measurements  during  a  longer  time  span. 

Only  authorities  are  in  a  position  to  be  able  to  collect  and  compare  knowledge  from  different  sources  in  a  relatively 
short  time  span  but  even  on  a  global  scale  this  experience  is  limited. 

8.  F.E.M.  ANALYSIS  IN  FUTURE  PROJECTS 

In  the  last  30  years  rapidly  increasing  computer  power  stimulated  a  considerable  improvement  in 
analysis  quality. 

There  are  still  practical  limitations  in  the  way  these  techniques  are  thrown  into  gear.  Also  the  nature  of  a  design 
process  is  at  odds  with  perfection  in  analysis. 

The  first  improvement  within  reach  is  a  better  accuracy  in  the  linear  field  so  that  some  fatigue  prone  areas  can  be 
analyzed  better  and  earlier.  This  requires  more  perfection  in  modelling  and  more  computer  power.  This  will  not  be 
the  ultimate  answer  in  fatigue  analysis  (ref.  quotation  in  par.  4)  but  if  pre-  and  post  processing  automation  and 
computer  power  improve,  it  will  be  cashed. 

Standard  rules  for  sufficient  model  perfection  are  not  available.  The  author  is  not  aware  of  any  case  study  in  which 
the  model  for  a  representative  aircraft  structure  has  been  refined  until  no  further  improvement  of  the  results  could 
be  found.  Automation  can  provide  us  the  possibility  to  gain  more  knowledge  in  this  respect. 

Going  beyond  linear  eiastics  is  several  steps  ahead.  In  principle  the  methods  are  available  but  practical 
application  is  very  limited,  it  requires  another  order  of  computer  power  and  another  approach  In  problem 
definition.  Every  load  case  has  Its  own  aitical  areas  for  which  the  model  has  to  be  designed.  The  reliability  is 
doubtful,  especially  because  secondary  effects  are  difficult  to  incorporate  or,  more  probably,  are  overlooked.  But 
even  forgoing  secondary  effects,  the  authorities  require  that  the  reliability  of  the  analysis  can  be  shown  so  the  need 
for  testing  remains. 
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It  is  not  easy  to  see  where  the  profits  lie  of  such  an  extension  in  F.E.M.  efforts  requiring  high 
oombinect  skills  in  structures  and  methods. 

One  could  think  of  weight  saving  but  if  this  is  substantiai  then  some  inherent  safety  from  the  traditionai  approach 
is  removed  and  new  faiiure  phenomena  couid  emerge. 

There  is  a  tendency  to  see  no  iimits  to  the  appiication  of  computers.  Espedaliy  the  aerodynamidsts  are  iooking 
forward  to  the  second  next  generation  of  super  computers. 

What  is  different  in  aerodynamics  compared  to  the  structures  ? 

Aerodynamidsts  have  to  reach  there  finai  answers  before  go  ahead  because  they  are  essentiai  for  the  geometrical 
definition.  The  iast  sophication  can  have  a  pay-off  in  aerodynamic  efficiency.  They  are  not  hampered  by  structural 
details  or  changing  loads  but  they  have  the  free  air  avaiiable  for  element  definition. 

In  structural  analysis  it  is  the  other  way  around.  Depending  heaviiy  on  the  solution  of  structural  details  and  the  last 
issue  of  loads  the  final  analysis  has  to  wait  for  the  finalization  of  these  input  sources.  The  importance  of  the 
analysis  is  more  formal;  it  has  to  show  that  despite  the  irregularities  during  the  design  process,  in  the  end  the 
structure  is  still  strong  enough  for  the  latest  set  of  loads.  During  the  design  process  the  F.E.M.  analysis  is  improved 
as  an  interaction  between  design  and  analysis. 

Do  we  need  complex  non  linear  methods  for  that  or  does  this  mean  repladng  one  kind  of 
engineering  judgement  for  another  ? 

There  seems  to  be  an  imbalance  between  the  urge  to  sophistication  in  strength  analysis  and  the  level  of  accuracy 
of  external  loads. 

Should  we  have  to  adopt  a  philosophy  which  sets  limits  to  computerization  where  those  limits  no  longer  are 
dictated  by  hardware  and  software  ? 

Improved  analysis  quality  removes  to  a  certain  extent  one  of  the  drivers  for  ultimate  load  testing. 
However  the  subject  of  testing  is  not  so  strongly  related  to  analysis  quality  but  more  of  a  philosophical  nature.  One 
could  argue  that  the  added  safety  from  tests  is  debatable,  especially  because  we  do  not  know  where  in  the  scatter 
band  the  result,  good  or  bad,  has  to  be  situated. 

in  general  we  are  working  in  the  margings  of  the  accepted  probability  of  a  failure. 

Since  it  is  impossible  to  produce  a  legislation  for  derivative  aircraft  which  is  consistent  with  the  principles  for  a  new 
design  we  should  find  a  way  that  eliminates  the  controversal  situation. 

If  the  safety  factor  of  1 .5  has  its  legitimation  based  on  the  tradition  of  testing  then  the  consequence  is  testing  or  a 
higher  safety  factor  for  every  situation  which  is  not  tested. 


9.  CONCLUSIONS 

Authorities  in  Europe  see  the  ultimate  load  test  as  an  essential  part  of  certification.  Their  organization 
is  not  able  to  verify  the  analysis  in  detail  and  the  tradition  of  low  safety  factors  is  an  important  factor  in  not 
relying  on  analysis  only. 

The  acceptance  of  a  certain  amount  of  extrapolation  from  earlier  test  experience  must  be  possible  for 
pragmatic  reasons  but  is  in  principle  an  inconsistency.  The  floating  interpretation  may  lead  to  varying  conclusions 
among  manufacturers  and  authorities. 

Although  test  experiences  sometimes  seem  to  show  that  the  state  of  the  art  in  designing  for  a  certain 
ultimate  load  has  matured  to  great  reliability,  inside  knowledge  may  reveal  that  the  failure  modes  and  loads  were 
not  predicted. 

The  analyst  is  still  looking  forward  to  the  next  opportunity.  Then  he  can  incorporate  the  lessons  learned  in  the  last 
round  and  take  advantage  of  the  latest  improvements  in  software  and  hardware. 

Although  in  F.E.M.  analysis  great  achievements  have  been  reached  in  the  last  decades,  modelling 
technique  is  still  in  its  experimental  phase  and  mainly  based  on  secluded  experience. 

The  analysis  quality  in  itsejf  cannot  guarantee  the  capabilities  of  a  structure.  Errors  in  detail  design,  in 
drawings  and  production  instructions,  in  procedures  and  on  the  shop  floor  add  their  own  deficiencies.  Full-scale 
testing  is  the  only  possible  way  to  cover  the  end  product. 

These  conclusions  are  valid,  for  different  reasons,  for  static  loads  as  well  as  for  fatigue  loads. 

For  static  strength  substantiation  the  requirement  for  ultimate  load  tests  could  be  traded  against  an 
increased  safety  factor.  For  damage  tolerance  substantiation  it  Is  already  common  practice  to  use  different  scatter 
factors  for  anal^  and  for  test  but  rellanoe  on  analysis  only  Is  still  not  considered  acceptable.  The  aging  aircraft 
Issue  drives  towards  a  fullscale  test  requirement  also  in  the  U.S.A. 
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SUMMARY 

The  rote  cf  structural  analysis  in  the  Design-Anafysis-Test  cycle  is  addressed,  and  particularly  the 
role  of  Finite  Element  Analysis.  It  is  suggested  then  the  dominance  of  finite  element  code 
application  in  structured  analysis  is  moving  from  simple  stress  and  d^ormation  evaluation  to  the 
prediction  of  failure,  pardculcarly  in  areas  where  multiple  testing  would  otherwise  be  necessary. 
The  use  of  analysis  to  predict  failure,  instead  of  experimental  tests,  raises  many  problems,  arid 
these  will  be  exacerbated  finite  element  codes  become  common  tools  of  non-specialists.  A  way 
forward  is  suggested. 


1  INTRODUCTION 


In  1983  the  National  Agency  f<v  Finite  Element  Methods  and  Standards  [Ref  1]  was  set  up  in  the 
UK  to  address  standards  widi  a  very  wide  brief  in  the  use  of  finite  element  codes  for  structural  and 
other  analyses.  The  needs  sparking  such  an  organisation  (and  others  are  apfiearing  [Ref  2] )  are 
discussed  later.  In  1984  in  a  newsletta  an  article  was  published  [Ref  3]  which  speculated  on  the 
prospects  for  finiie  element  analysis  replacing  structural  testing  in  the  certification  of  structures  in 
Aerospace  and  other  safety-critical  areas.  It  seemed  to  strike  a  ch(»d  at  an  ACARD  meeting  at  that 
time  and  two  successive  Structures  and  Materials  panel  meetings  reviewed  afreets  of  "qualification 
of  structures  by  finite  element  methods”.  It  is  th^fore  timely  to  see  if  anything  has  changed  or 
become  clearer  in  the  past  seven  years  and  whether  the  practical  design-analysis-test  cycle  for 
Aerospace  will  change,  or  should  change. 

The  orginal  concerns  of  1983  were  somewhat  naive  and  simplistic,  namely  that  the  CAD-CAM 
cycle  was  becoming  so  automated  that  the  finite  element  nKthod  was  becoming  an  embedded 
feature,  and  likely  to  be  used  by  designers  or  engineers  who  blew  nothing  the  many  sources  of 
errex’ present  in  the  finite  element  modeUing  and  analysis  process.  There  are  still  available 
CAImIAM  packages  with  finite  element  ^sterns  and  the  CAD  aspects  have  become  much  more 
sqihisticated  and  user-fiiendly,  fully  able  to  take  advantage  of  the  massive  resources  availaUe  on 
modem  gpphics  workstations.  CAD  packages  market  integrated  design/analysis/automatic  shape 
optimisation^i>arametric  design  all  as  a  consequence  of  the  commercial  success  and  pressures  in  the 
CADmarket  We  should  remember  diat  CAD  is  rrrore  than  an  mderc^  magnitude  more  important 
commercially  than  FEM,  and  an  extra  like  "finite  elements  for  dumb  users"  is  another  sales 

giinmick. 


It  is  natural  that  the  CAD-FEM  interface  should  be  brt^en  down.  No  one  wants  to  generate  two 
sraarate  models,  and  everyone  wants  instant  design  changes  to  be  assessed  immediately  for 
stfety,  production,  and  costs.  Yet  what  can  be  integrated  into  a  CAD  system  is  claimed  to  be  a 
shad^  of  what  finite  element  analysts  actually  wants  [Rdf  6  ].  There  is  much  activiqr  at  the 
international  level  designed  to  produce  agreed  standard  (neut^  format)  interfaces  but  die  impasse 
has  not  yet  been  remove  Meanwhile  commercial  systems  like  CATIA-ELFINI  claim  to  have 
removed  it  Yet  we  are  still  some  way  from  rapid  design  and  redesign  with  structural  integrity 
updated,  or  even  better  an  optimum  d^gn  incorpcmit^  What  is  true  is  that  the  systems  are  much 
more  interactive,  firiendlier,  and  rapid,  aM  this  trend  is  inexorable  as  the  10  Mflop  workstations 
qrpearin  1990,  to  become  20  Mfl^  in  1992,  etc  etc.  Thus  one  aspect  of  evolution  cannot  be 
ignored.  Design  and  analysis  is  getting  cheiqier,  and  testing  is  getting  more  expensive.  Even 
wowing  for  die  ftet  that  designs  are  becoming  more  ar^t^  in  a  oonqietitive  worid,  the 
inoenthra  to  rqilace  test  by  aiudysis  hu  not  disappeared  in  the  past  seven  years. 
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Another  naive  assumption  is  to  suppose  that  CAD  is  purely  a  mechanical  exercise  to  fit  form  to 
function  and  then  to  rollow  it  with  a  CAE-CAM  exercise  to  produce  the  article  with  minimal  costs. 
At  least  in  Aerospace  the  iterative  design  cycle  is  much  nxxe  complex  and  involves  the 
interdependence  of  many  constraints:  ^  external  aerodynamic  shape  and  controls,  the  internal 
structure,  aeroelastic  coupling,  the  whole  systems-diiven  targets  and  mission  requirements,  and  of 
course  the  manufacturing  constraints.  Add  to  this  an  identical  scenario  for  the  engine  and  its 
system,  and  the  chances  of  an  automated  design  cycle  may  seem  far  away.  However  optimum 
design  is  now  in  common  usage  separately  in  configurational  and  aerodynamic  design,  in  structural 
design,  and  in  filling  mission  requirements.  Thus  although  an  embedded  finite  element  package, 
untouched  by  human  hand,  is  not  yet  a  threat  we  should  be  prepared.  However  let  us  turn  to  the 
tc^ic  of  whether  finite  element  andysis  will  replace  test  in  the  airworthiness  certification  process. 

The  role  of  structural  analysis  in  certification  is  covered  at  length  in  a  separate  article  for  this 
meeting  by  P.  Bartholomew  and  only  some  oi  the  conclusions  will  be  repeated  here.  Inrute 
element  analysis  has  replaced  traditional  analysis  even  at  the  project  stage  for  early  identification  of 
load  paths,  fw  the  selection  of  worst  cases,  and  the  likely  envelope  for  final  selected  tests  • 
hopefully  just  one  static,  one  dynamic,  and  one  fatigue,  supplemented  by  as  many  component  tests 
as  may  te  deemed  necessary.  Full  scale  testing  is  still  m^atwy  for  a  new  prototype  but  may  be 
waiv^  for  future  modifications,  certainly  for  civil  aircraft  if  not  for  military  aircraft  where  the 
ultimate  design  load  is  a  much  more  ftequent  occurrence.  Powerful  computing  and  fiiendly 
software  tools  make  it  more  likely  that  a  refined  FE  model  will  be  used  ^  initio  and  drat 
condensation  •  the  opposite  of  refinement  -  then  follows  for  optimum  design  exercises  or 
aeroelastic  evaluation.  Thus  the  role  of  analysis  can  be  seen  at  one  extreme  merely  as  a  way  of 
defining  a  comprehensive  test  programme  with  a  safe  envelope,  and  of  course  in  saving  the 
manufacturer  time  and  money  in  rapidly  achieving  an  optimum  design.  No  one  doubts  that  the 
design  and  simulation  cycle  has  been  dramatically  improved  in  both  aerospace  and  engine  design, 
but  is  the  test  always  the  final  proof  of  airworthiness,  and  has  finite  element  analysis  made  any 
difference? 

2  THE  IMPACT  OF  FEA 

Qassical  analysis  involved  "exact  solutions"  to  an  ^proximate  structure,  constructed  in  the 
imagination  of  the  skilled  engineer  and  stressman.  The  FEM  is  an  approximate  solution  m  the 
nearest  model  to  reality  that  ^  analysist  can  construct  and  the  computer  accept  Generations  o( 
stressmen  became  used  to  the  idea  of  an  analysis  providing  a  reasonable  prediction  of  "load  paths" 
then  local  loads  would  be  applied  to  a  component  such  as  a  panel,  shell,  bulkhead,  frame,  beam, 
joint  and  so  on.  Data  sheets  would  be  (and  still  are)  used  to  assess  the  capabiliQr  of  the  component 
in  withstanding  the  loot!  loads.  It  is  common  to  find  modem  finite  element  packajges  cridci^  for 
delivering  detailed  and  complex  stress  fields  which  make  the  familiar  data  sheets  irnpossible  to  use. 
This  criticism  is  old  fashioned  of  course,  but  is  voiced  even  mote  in  the  fields  of  Qvil, 

Mechanical,  and  Chemical  Engineering  where  codes  of  practice  have  been  evolv^  by  trial  and 
error  to  deal  with  local  loadings,  betK^g  moments,  and  internal  forces.  The  main  wver  for 
rendering  this  attitude  obsolete  is  of  course  the  advent  of  new  materials  and  innovative 
configurations.  Past  conventions  and  practice  will  let  us  down  in  the  use  novel  configurations 
in  metal,  and  even  mote  for  composite  and  ceramic  structures.  To  pr^uce  even  nxxe  data  sheets, 
based  on  empiricism,  theory  and  test,  for  the  new  generation  of  materials  can  be  a  very  long  and 
expensive  process. 

We  assume  therefore  that,  with  enough  computing  power  and  time  to  construct  tiiodels,  the  finite 
element  method  will  deliver  internal  stresses  in  a  structure  much  better  than  traditional  methods. 

The  next  step  is  to  use  the  FEM,  not  just  to  predict  stress  levels,  but  to  predict  failure  also.  In 
aircraft  structures  "failure"  usually  means  buckling  in  compression  (followed  later  by  material 
failure)  and  firacture,  unstable  crack  growth,  or  fatigue  in  tension.  material  failure  other  than 
fracture  can  occur  in  tension  in  local  areas  of  stress  concentration,  particularly  jmnts.  All  these 
failure  processes  have  one  thing  in  cotiunon  -  they  are  all  non  linear. 


Non  linear  analysis  has  been  thought  of  as  an  expensive  business,  and  sut^t  to  algorithmic 
problems  whether  large  deformations  or  elastopastic  material  behaviour.  Qxnputing  resources  are 
now  cheap  and  some  codes  extremely  robust,  yet  it  is  not  common  to  hear  of  a  non  linear  analysis 
used  to  predict  failure.  The  author  has  not  heard  of  a  global  incremental  analysis  of  a  complete 
aircraft,  with  non  linear  capabilities,  so  that  a  local  failure  anywhere  is  foUowed  by  load  shed^g 
and  further  failure  elsewhere.  Post  buckling  analysis  of  individual  stiffened  compression  panels, 
and  collapse  mechanisms  for  mechanical  joints  are  two  local  exceptions,  and  yet  data  sheets  are  still 
used  (and  manipulated)  to  find  ultimate  compression  panel  loads  and  joint  strengths.  Local 
analysis  of  cracks  still  tends  to  be  linear  elastic  fraaure  mechanics  wid)  empiric^  or  data  sheet 
strategies  to  account  for  plasticity.  The  use  of  fmite  element  analysis  alone  to  predict  the  ultimate 
design  load  of  a  new  structure  is  going  to  depend  on  its  success  in  predicting  failure.  Unless 
confidence  and  credibility  can  be  gained  in  predicting  this  in  its  many  guises,  then  FE  analysis  will 
never  replace  testing.  The  route  to  success^l  and  persistent  success  in  failure  prediction  is  a 
complex  amalgam  of  many  faacxa  which  will  now  be  reviewed  example.  Unfortunately 
success  and  fadure  in  using  finite  element  analysis  in  this  field  is  often  a  closely  guarded 
commercial  asset,  so  many  of  the  quoted  examples  have  to  come  &om  the  autho?s  own 
experience. 


3  STATIC  AND  DYNAMIC  FAILURE  PREDICTION 

•  Buckling  and  Post*buckling  in  Metal  Panels 

As  has  been  mentioned  the  use  of  data  sheets  for  predicting  buckling  and  post-buckling 
strength  is  well  established,  so  it  is  suffcient  to  simply  ask  the  FEM  to  deliver  local  panel 
loading.  However  it  is  often  necessary  to  make  assumptions  about  the  buckling  mode  of 
stiffened  panels:  is  it  an  overall  nxxie  or  a  local  mode?  Oimputer  codes  tends  to  be  used 
as  stand-^one  aids  rather  than  a  re-run  of  the  main  code.  Once  such  code  VIPASA 
[Ref  7  ]  and  its  later  NASA  development  [Ref  8  ]  is  well  known  and  it  makes  the 
minimum  of  assumptions  about  the  buckling  modes;  e.g.  plate  stiffner  node  lines  are  not 
assumed  to  remain  straight  VIPASA  is  a  two-dimensional  code  (a  finite  strip  method) 
which  cannot  predict  the  coupling  which  may  occur  when  an  overall  nKxle  in  an 
eccentrically  loaded  plate  causes  local  stresses  which  precipitate  local  buckling.  Some 
modelling  expertise  is  also  called  for  -  as  in  roost  analysis.  For  example,  how  does  one 
represent  the  restraints  offered  by  mechanically  joined  stiffners  in  fig.  1? 

Dedicated  codes,  particularly  now  that  they  are  easily  iix>unted  on  wtxkstations  with 
graphics  lA)  and  interrogation  are  a  powenui  diagnostic.  VIPASA  has  an  early  success  in 
explaining  unexpected  buckling  ttKxles  in  the  space  shuttle  in  the  mid-70s  and  its 
decendents  are  in  continual  use  to-day.  A  simplified  code  has  the  advantage  that  it  can  be 
incorporated  in  an  optimum  design  cycle  with  no  great  overheads  when  a  Targe  number  of 
iterations  are  performed.  Computing  times  may  between  100  or  10,(X)0  times  faster 
than  a  general  purpose  finite  element  program  [Ref  18  ].  However  these  codes  are  at  risk 
when  used  to  predict  failure  as  mentioned  and  dscussed  again  in  a  later  section. 

•  Fatigue  and  crack  growth 

One  of  the  strongest  arguments  against  (xnitting  a  full  scale  test  is  the  fatigue  problon. 
Because  fatigue  sources  are  stress  concentrations  there  is  a  fear  that  the  finite  element 
modeller  may  miss  the  crucial  source  -  even  though  the  analysis  is  perfectly  capable  of 
delivering  three-dimensional  stress  concentration  factOTS  and  stress  intensity  factors. 
Surely  this  can  no  longer  be  true?  The  problem  remains  of  course  of  simulating  fatigue 
damage  befc^e  cracks,  or  very  small  cracks.  The  civil  route  of  defining  inspectable  crack 
lengths,  and  therefore  restricting  the  analysis  to  prediction  of  stress  intensity  factor  and 
unstable  growth,  may  not  be  an  option  far  miUt^  aircraft  The  prediction  for  crack 
growth  under  a  complex  loading  history  is  less  straight  forward.  Some  civil  aircraft,  or 
military  transports,  do  have  very  odd  loading  histories  involving  many  peak  loads  of  either 
sign,  and  hence  the  likelihood  of  retardation  (or  acceleration)  of  normal  cyclic  crack 


growth  under  constant  amplitudes.  It  is  unlikely  that  all  feasible  spectra  for  all  possible 
mission  profiles  can  be  tested  for  all  possible  crack  sources.  A  theorotical  prediction, 
particularly  the  effect  of  crack  stoppers  is  desirable.  In  particular  different  material 
prc^ierdes  should  be  capable  of  being  injected  into  the  nwdeL 

An  attempt  to  construct  the  finite  element  solution  cyclic  crack  growth,  at  amplitudes 
much  less  than  the  static  unstable  crack  growth  level,  was  made  at  Iiiqierial  College 
[Ref  10  ].  The  entire  elasto-plastic  material  behaviour  in  the  vicinity  d  the  crack  was 
simulated  including  both  kinematic  and  isotropic  hardening.  Crack  growth  was  tested 
using  an  energy  release  (G)  device  for  the  chosen  FE  mesh  and  taking  critical  values  to 

include  the  crack  tip  plastic  wake  left  behind  Initially  it  appeared  successful  since  crack 
sharpening  under  a  high  overload  was  successfully  {vedictM  (see  Fig  2)  but  the 
consequent  increase  in  G  was  not  sufficient  to  explain  below-threshold  growth.  It  was 
realist  that  the  usual  strategy  d  allowing  a  virtual  crack  extension  to  evaluate  G  was  not  a 
true  physical  simulation  of  cyclic  crack  growth.  It  is  necessary  to  allow  the  plastic  slip 
lines  to  create  minute  fresh  surfaces  without  crack  opening,  one  for  loading  and  the  o&er 
for  un-loading.  This  needs  a  completely  new  numerical  analysis  with  finite  strain  slip 
lines,  so  a  common  ruse  was  then  deployed,  using  a  mixture  of  FEA  coupled  with 
empiricisia  The  finite  element  model  is  us^  to  predict  the  crack  closure  •  or  opening  - 
after  high  overload  or  underload  This  closure  is  then  used  to  ujidate  the  usual  Paris  law 
which  relies  of  course  on  two  experimentally  determined  coefficients.  However  die 
predictions  with  retardatims  are  good  as  Rg.3  shows.  A  mixed  strategy  of  finite  element 
simidation  plus  empiridsm  is  an  acceptable  compromise,  and  is  still  much  cheiqicr  than 
test  It  can  be  used  with  crack  stqipers  such  as  changes  in  plate  thickness. 

Impact  in  metals  •  low  and  high  velocity 

Low  velocity  impact  in  metal  structures  is  local  and  not  really  a  problem.  Whole  aircraft 
crash  worthiness  is  an  issue,  particularly  civil  aircraft  or  military  helicopters. 

Simulation  this  type  of  low  lelocity  impact  is  relatively  straight  forward  using  either 
lumped  beam  models  (KRAS^,  [Ref  12  ]  or  genuine  FE  models  (DYNA  3-D,  DYCAST, 
etc).  Possibly  the  only  limitation  favouring  the  KRASH  approach  is  the  computing 
demands  when  modelling  a  complete  aircraft  or  helicopter  struaure  with  more  than  20,(X)0 
unknowns.  A  simplified  elasto-plastic  shell  element  ICIS  [Ref.  13]  has  been  shown  to  be 
adequate  and  far  less  demanding  on  computing  resource.  High  spe^  (ballistic)  impact  is 
also  amenable  to  simulation  and  DYNA  3-D  is  widely  used  for  bird  impact  or  armour 
penetration.  Ballistic  impact  penetration  in  aircraft  is  not  usually  a  structural  issue  since 
the  projectile  enters  and  leaves  the  structure  cleanly,  unless  it  is  explosive  as  well.  The 
same  is  not  true  of  fuel-filled  wing  boxes  where  the  kinetic  energy  is  converted  to  pressure 
-  Hydraulic  Shock  or  Rant  This  mode  of  destruction  is  also  simulataUe  but  die  marriage 
of  fluid  Euler  codes  and  a  structural  finite  element  code  can  be  expensive.  A  finite  element 
fluid  code  (HYDRO,  [Ref.  14  ] )  has  been  constructed  for  hydraulic  shock-structure 
interaction.  The  fluid  finite  elements  are  simply  acoustic  with  no  flow,  but  cavitation  can 
be  modelled  and  agreement  with  test  is  good.  (See  Fig.  4) .  However  many  modelling 
mistakes  were  made  on  the  way,  including  the  omission  ^high  pressure  water  flow  back 
throu|^  the  en^  face,  the  moving  cavitation  profile  through  fix^  La^angian  elements, 
and  the  sensititiviQr  of  puk  pressures  to  projectile  entry  details.  The  bug  problem  here  is 
the  carbon  composite  wing  box  which  is  more  susceptible  to  impact  and  whose  materials' 
strain  rate  effects  are  still  improperly  understood.  [Ref  IS]. 

Dynamics 

All  finite  element  codes  have  a  dynamic  capability,  both  steady  state  and  transient  Recent 
benchmark  studies  NAFEMS  [Ref  16]  reveal  that  most  codes  are  good  in  predicting 
natural  modes  and  fr^uencies  -  only  a  few  missed  some  modes.  However  these 
benchmarks  essentially  test  the  code  and  not  the  user.  A  parallel  bench  marking  exercise 
[Ref.  19]  recently  conducted  chose  a  fairly  simple  fabricated  structure,  consisting  of  a 
cylinder  irxMintM  on  a  beam,  and  asked  12  cooe  users  and  developers  to  model  it  The 
results  in  the  following  table  show  the  worst  prodictions  for  nine  modes  were  more  than 
30%  different  from  the  experimental  values,  either  way.  It  was  no  consolation  that  there 


was  eveiy  bit  as  much  scatter  in  the  frequency  response  from  experimental  tests  conducted 
on  the  same  structure  by  a  variety  of  research  and  commercial  organisations!  Th^  large 
discrepancies  were  due  usually  to  poor  joint  nxxlelling  •  the  bete  noire  of  dynamicists. 
Joints  are  non  linear  and  have  unknown  damping  cha^teristics.  The  only  solution  to  this 
problem  does  seem  to  be  a  database  of  joint  properties  derived  by  a  large  number  of 
OTganisadons  in  the  private  and  public  sectors  •  like  AGARD  for  example. 


Minimum 

Maximum 


Predicted  Frequencies  as  a  percentage  of  Nka  >ured  Experimental  Values 


Rigid  Body  Modes 

Beam  Bending 

Cylinder  Bending 

TTf  rIhJ  R3C* 

B1  B2  B3 

Cl  C2  C3 

64  43  57 

100  94  159 

87  85  78 

151  150  129 

94  77  98 

126  114  103 

F.E.  versus  Test 


The  alxlity  to  predict  dynamic  response  is  most  crucial  for  helicopters  of  course,  and  the 
separation  needed  by  rotor  forcing  frequencies  is  embarrassingly  small  Jot  typicd 
helicc^ter  structures,  often  of  ordw  <mlv  4  cycles  per  second.  Nevertheless  one 
helio^ter  (the  WG30)  has  been  cleiured  without  test,  purely  by  FE  prediction.  Tliis 
machine  differs  consi^rably  from  the  LYNX  milita^  helicopter  firm  which  it  is  derived. 


4  COMPOSITE  STRUCTURES -AND  FAILURE 

All  of  the  uncertainties  of  analysis,  material  properties,  nxxies  of  failure,  and  nxxlelling,  are 
compounded  when  we  switch  from  metals  to  composites.  Such  is  the  degree  of  uncertainty  of 
carbon  fibre  composite  modes  of  failure  of  full  scale  components,  that  severe  weight  penalties  have 
often  been  built  in  to  some  designs  by  the  use  of  Tuiock  down”  factors  to  allow  ^  material 
variabili^  or  environmental  degredation.  Yet  such  factors  of  cxxler  two  must  be  removed,  for 
carbon  composites  to  show  their  true  weight  saving  and  increased  performance.  The  threat  of 
degredation  in  compression,  due  to  matrix  nx>isture  abso^tion,  is  still  with  us.  Its  absorption  can 
be  analytically  premcted  and  the  property  degregadon  estimated  reasonaUy  well.  This  is 
fortunately  since  airworthiness  requirements  effectively  prohibit  more  than  15%  degredation  in 
prq)erties,  and  do  not  even  recommend  a  major  test  with  a  degraded  structure.  Od^  noodelling 
prmems  remain. 

•  Throu^'thidcness  stresses  in  composite  plates 

Some  years  ago  we  looked  at  the  post  buckling  strength  of  simply  supported  CFC  plates  at 
a  time  when  industry  was  too  unsure  to  let  diis  be  even  a  design  case  [Ref.  20].  At  the 
time  the  only  way  to  predict  post  buckling  failure  threshold  due  to  beiiiding  strains  was  to 
use  a  ti^thical  failure  value  a  5000  microstrain.  A  careful  and  contrcdled  eiqierimentBl 
test  programme  revealed  tfiat  failure  was  actually  due  to  interlaminar  shear  stresses  at  an 
edge  where  a  detailed  finite  element  analysis  revealed  the  htmendous  picture  shown  in 
Fig.  5.  Nevertheless  the  FE  prediction  was  good  and  results  agreed  to  within  +/- 16%  of 
test  failure  compared  to  +/-  60%  when  using  the  wrong  fibre  strain  criteria.  This 
pto^amme  dernonstrared  a  new  need  for  FeA,  that  is  to  confirm  the  failure  sources  in  the 
interior  of  a  laminate  when  the  only  validation  the  experimental  test  will  provide  is  based 
on  surface  strains,  ultrasonic  scanning  (which  does  not  identify  the  mode)  or  firactt^graphic 
post  noortems  after  failure  has  occurr^  Smart  fibre  technotogy  for  monitoring  the  iMWth 
of  inter-laminar  zones  is  still  a  long  way  off. 
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Delamination  failure  modes  are  now  reco^sed  as  the  prime  source  of  panel  failure  at 
edges  or  at  the  intersections  of  plate  stiffners.  Three  dimensional  FE  studies  are 
undertaken  using  brick  elements  per  laminar,  or,  if  the  model  is  too  intricate  or  expensive, 
peel  tests  may  be  conducted  to  predict  stiffner  debonding  at  typical  interfaces  [Ret.  21]. 
Future  progr^s  depends  on  commercial  composite  codes  deploying  in  a  laminared  plate 
element  the  facility  to  deduce  inter  laminar  shear  and  pealing  stresses,  by  (say)  integrating 
the  equilibrium  equations  through  the  thickness  if  possible.  However  stress  based  criteria 
is  only  a  half  measure  and  any  ^  analysis  is  likely  to  deduce  infinite  stresses  at  free  edges 
OT  component  interfaces  if  the  idealisation  is  very  refined.  A  fracture  approach  should 
really  Ire  adopted.  Some  {vo^ss  has  been  made  in  introducing  energy  release  strategies 
fr-om  defined  flaws  at  composite  plate  edges  (x  component  interfaces.  This  must  be  £e 
way  fcHward,  but  the  problem  is  tetly  finding  reliable  data  on  the  critical  values  for 
Gi,  Gji,  Gm,  particularly  the  last-named.  *nie  second  problem  is  the  fact  noost 

debonding  or  delamination  is  a  mixed  mode,  and  the  correct  interaction  formula  is  not  yet 
agreed.  Even  the  crude  strategy  of  using  total  energy  release  is  still  better  than  uting 
permissible  stress  or  strain  criteria.  A  study  of  simple  coupon  tensile  failure  reported 
experimentally  by  many  workers,  revealed  that  simulated  nacture  from  an  edge  was  able 
to  predict  failure  loads  for  8  separate  sets  of  laminate  tests  to  within  15%  at  worst 
compared  with  errors  greater  than  6^  for  stress  based  criteria  [Ref  22  ]. 

The  whole  topic  of  failure  and  material  degredation  laminar  by  laminar  cannot  be  said  yet 
to  be  a  robust  feature  of  any  code.  3-dimensional  brick  idealisation  per  laminar  cannot  be 
an  economically  feasible  inodel  in  the  long  temo.  Partial  and  gradual  degredation  of  the 
plates'  stiffness  matrix  must  be  a  favoured  route.  There  is  not  even  a  favoured  treatment 
of  sitnple  stress  or  strain  based  failure  criteria.  Do  we  use  an  equivalent  measure  (like 
Tsai-Wu)  or  allow  component  failure  like  in-plane  tension,  compression,  inter  lan^ar 
stress,  matrix  or  fibre,  and  so  identify  the  mo^  explicitly.  The  latter  must  be  the  aim 
surely  with  such  disparate  strength  modes  (Ref  18]. 

A  new  pressure  to  model  failure  rather  test,  is  coming  from  the  explosive  ^wth  in  novel 
composite  material  combinations  of  carbon,  glass,  aramid,  metalic,  ceramic,  fibres  and  an 
even  more  bewildering  choice  of  matrix  materials.  The  combinations  of  fibre^iaiticles  and 
supporting  matrix  has  become  so  very  large  we  would  like  to  deduce  material  failure  from 
the  micro-mechanics  of  its  components  (Ref  27  ].  Testing  all  prospective  combinations 
does  not  seem  feasible. 

•  Damage  tolerant  frameworks 

Another  idiosyncratic  example  of  poor  matrix  modelling  occurred  when  we  investigated 
the  performance  of  a  damaged  tolerance  protofype  for  Irelicoprer  fuselages  and  tail  booms. 
The  idea  was  to  construct  an  (old  fashioned?)  framework  covered  with  a  non-structural 
cladding  which  would  blow  easily  if  penetrated  by  an  explosive  shell  The  framework 
was  constructed  by  laying  carbon  fibre  tape  along  the  orthogonal  geodesics  and 
overlapping  at  the  joints  as  shown  in  Fig  6.  There  was  some  concern  that  this  structure 
would  behave  like  unstiffened  thin  shells  which  are  notwiously  sensitive  to  itiqperfection  - 
and  the  offset  joints  guaranteed  that  imperfection.  A  routine  NASTRAN  analysis  gave 
very  poor  agreement  with  experimental  tests,  so  it  was  improved  by  designing  a  new  beam 
element  which  had  both  cononuously  varying  curvature  and  twist  [Refs.  23  arxl  24  ].  The 
errors  were  reduced  frrxn  100%  to  30%,  but  after  many  blind-alleys  the  gi^  was  fiiudly 
closed  when  it  was  realised  that  the  epoxy  matrix  in  the  joints  was  allowing  a  finite 
rotation  between  beams.  Any  finite  element  programme  of  course  does  not  permit  this. 

On  introducing  therefore  a  "swivel-stiffness”  the  code  predictions  then  worked  and  Hg.6 
shows  the  rath»  extraordinarv  performance  whereby  a  structural  modification  does  not 
change  the  linear  load-deflection  characteristic  at  all,  but  as  initial  buckling  is  approached 
the  new  divergence  occurs  much  earlier.  The  curves  also  dennonstrate  that  the  'Wll"  is 
only  gently  imperfection  sensitive.  Failure  is  pure  instability  and  hardly  needs  stress 
crima  to  predict  it  -  although  this  has  also  b^n  done. 

•  Impact  simulation 


The  success  in  simulating  both  high  and  low  velocity  impact  in  elasto-plastk  metal 
structures  has  already  been  mentioned.  The  need  if  anything  is  greater  in  composite 
structures  which  have  relatively  brittle  fibres  and  matrix,  cannot  rely  on  gross  plasticity  to 
absorb  impacting  kinetic  energy,  and  therefcx'e  may  be  exceptionally  sensitive  to  how 
much  elastic  strain  energy  plays  a  role  in  surviving  the  impact  process.  At  high  velocities 
inertia  forces  inhibit  the  structural  response;  fracture  damage  and  perforation  tends  to  be 
the  dominant  mode  and  this  can  be  pr^cted  well  using  conventional  empirical  ballistic 
methods  and  appropriate  fracture  energies.  If  numerical  simulation  is  deemed  uiuealistic 
then  ballistic  fmng  (excluding  hydrauSc  shock)  at  representative  plate  samples  is  not  an 
expensive  process.  The  same  is  not  true  of  low  velocity  impact  due  to  handling  during 
manufacture,  maintenance,  or  service,  milita^  or  civiL  Because  impact  forces  cause  p^ 
shears  in  the  interior,  the  threat  of  barely  visible  impact  damage,  and  a  hidden  loss  of 
residual  strength,  is  always  there.  The  use  of  coupon  tests  here  is  not  so  convincing. 

The  kinetic  energy  is  not  the  sole  criteria  in  a  full  scale  structure  where  the  dynamic 
response  would  notl)e  the  same  as  a  laboratory  coupon.  It  will  depend  on  impact 
velocity,  ratio  of  impactor  and  structural  inertias,  lo^  stiffness  feahires  and 
geometry-dependant  load  paths.  Because  there  are  so  many  low  velocity  impact  scenarios 
in  a  complete  aircraft,  surely  numerical  simulation  has  to  be  used  if  only  to  i^ndfy  trouble 
spots  fat  testing  or  assessing  damage  tolerance  potential  before  prototype  and  nuiterials  are 
firmed.  A  current  EUROMART  project  (now  BRITE-EURAM)  addresses  this  whole 
problem  and  two  of  die  eight  partners  aim  to  simulate  both  the  3-dimensional  imptet 
induced  stress  field  (using  DWA  3-D)  and  the  post  damage  failure  process  in  either 
compression  or  tension.  As  a  compromise  our  contribution  is  to  propose  a  finite  element 
inpact  code  to  deliver  a  history  of  Ae  force  and  the  bending  strains,  and  then  use  a  single 
coupon  test  as  a  calibrator  -  for  a  given  laminate  -  to  relate  damage  thresholds  to  these  two 
quantities.  The  code  predictions  for  this  approach  look  promising  as  Fig.  7  indicates.  The 
entire  programe  is  tinted  for  completion  in  mid  1992. 

FEA  credibility 

Having  identified  FE  modelling  of  failure  as  a  crucial  pivot  in  a  strategy  to  reduce 
dependancy  on  test,  we  should  question  the  areas  of  weakness  in  this  analysis  process. 

•  QA  of  the  analysis  procedure 

This  topic  is  vital,  particularly  with  several  sites  or  companies  involved  in  national 
or  international  collaboration.  The  parallel  paper  by  Barlow  [Ref  25  ]  addresses 
this  aspect  succinctly,  and  it  is  hop^  by  NAFEMS  that  QA  procedures  will  be 
agreed  and  monitor^  by  organisations  involved  in  the  design  of  safety  critical 
structures.  This  need  in  future  may  be  written  into  contracts  by  customers  or 
governments. 

•  FE  codes 

Testing  machines  are  expected  to  me^  standards  of  acceptaUlity,  and  therefore 
analytical  tools  should  also.  No  code  will  every  be  bug-free,  but  competition  to  be 
near  perfect  and  robust  as  well  is  a  real  driver.  The  activities  of  NAFI^S  [Ref  1] 
in  promoting  standards,  designing  benchmarks,  and  i»x>viding  educational  aids  has 
been  recognosed  intemationdly  by  both  users  and  code  developers,  who  have 
been  extremely  supportive. 

•  Analysts 

If  the  testing  machine  has  to  meet  standards,  so  must  the  tester.  The  Aerospace 
industry  pioneered  the  flnite  eleritent  method  and  clearly  has  always  had  the  experts 
and  the  on-site  codes.  This  is  changing  and  most  companies  are  now  using 
commercial  flnite  element  codes  wrach  are  designed  to  be  increadngly  used  by 
designers  not  necessarily  analysts.  The  danger  of  not  appreciating  shtxt-coii^gs 
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in  the  nnethod  and  the  idealisations  must  be  there.  One  safeguard  is  to  build  in 
diagnostics  into  the  code,  these  can  reveal  poorly  described  models  or  badly 
conditioned  solution  procedures.  However  an  exact  solution  to  a  poor  moMl  is  no 
comfort  Expert  system  aids  to  modelling  have  been  iminent  for  some  time  (!)  but 
have  as  yet  made  no  significant  commeinal  impact  A  recent  review  ^expert 
systems  in  finite  element  analysis  [Ref  26  ]  identifies  die  areas  whm  an  intelligent 
assistant  is  most  needed,  but  it  is  also  suggested  that  for  the  very  kmg  term  real 
expert  systems  will  be  used  to  create  models  from  a  very  tight  conEgurational 
spkification.  At  present  probably  the  best  route  to  competent  modelling  is  to  rely 
on  the  desi^  mo^Uing  and  analytical  expertise  oi  the  ^sign  organisation.  For 
such  organisations  an  accreditation  scheme  and  implementation  is  outlked  by 
Barlow  [Ref.2S]  in  a  parallel  paper.  ECE  harmonization  after  1992  will  accelerate 
the  need  for  accreditation  and  certificates  of  competence. 

If  codes,  analysts,  and  QA  management  procedures  meet  accqitable  standards  then 
the  parallel  improvements  in  die  computing  power  of  workstations,  plus  more 
ambitious  pre  and  post  processing  aids,  must  combine  to  make  die  finite  element 
analysis  procedure  a  more  reliable  tool.  The  biggest  challenge,  and  the  source  of 
most  errors,  will  continue  to  be  in  the  modelling.  Structural  tests  can  be 
guaranteed  to  reveal  the  (unexpected)  sources  of  failure  in  a  full  scale  structure, 
^ite  element  analysis  oidy  reveal  what  the  modelkx  has  put  in.  Perhaps  the 
growing  computer  hardware  and  grajdiics  software  capabilities  will  also  rr^uce 
modelling  errors  since  since  many  arise  because  of  attempts  to  control  the  degrees 
of  freedom.  If  engineers  feel  frre  to  use  very  refined  meshes  and  3-dimensional 
elements  rather  thim  to  attempt  aj^iroximations.  ettot  sources  will  be  reduced. 
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fig.  1.  Idealisation  of  real  structure 
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fig.  2.  ChKk-opening  <Sqi>laceinent  prcrfUes  with  and  without  cycling 


fig.  4b.  Coarse  finite  element  mesh  for  fluid 
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fig.5.  IlmMglHliiclcneMvariMioo of aO 3 stress conipoimitt near laminaiB edge 


fig.  6a.  C.F.C.  Geodetic  Framework 


fig.  6b.  Detail  of  j<^t  construction 
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•  Experimental  values 

*  Predicted  by  curvedAwisied  f.e.  beams 
a  FJE. A.  with  joint  swivel  stiffneM  added 


N/MMJ 


9-14 


fig.  7.  Fofoe  and  displacement  histories  during  low  velocity  impact  of  thin  plate 
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SUMMARY 

Those  uses  of  structural  analysis  which  have  a  bearing  on  airworthiness  are 
reviewed.  In  particular  the  extent  to  which  finite  element  analysis  Is  already 
Implicitly  relied  on  In  the  context  of  clearance  by  test  Is  considered,  and  factors 
which  may  be  expected  to  lead  to  an  Increased  reliance  are  discussed.  One  such  factor 
la  the  Increased  use  of  the  computer  aided  engineering  (CAE)  approach  which  changes  the 
design  process  Itself.  An  assessment  Is  made  of  actions  required  to  ensure  that  results 
of  analysis  provide  a  consistent  and  reliable  basis  for  airworthiness  Judgement. 

The  report  Is  the  product  of  discussions  which  took  place  at  a  series  of  meetings 
of  the  RAE/SBAC  Committee  on  Analysis  and  Optimisation.  The  committee  members  represent 
the  Royal  Aerospace  Establishment,  British  Aerospace,  Westland  Helicopters,  Short  Brothers 
and  Universities. 


1.  INTRODUCTION 

The  use  of  numerical  structural  analysis  techniques  Is  Increasing  rapidly  In  all 
blanches  of  structural  engineering.  Many  comprehensive  analysis  suites  are  available 
which  offer  the  user  a  wide  range  of  facilities  enabling  the  response  and  life 
expectancy  of  structures  subjected  to  static  and  dynamic  loading  to  be  predicted.  Of 
the  numerical  methods  available,  by  far  the  most  popular  Is  the  finite  element  (FE) 
method.  This  method  Is  favoured  generally  because  of  Its  flexibility  but  It  Is 
particularly  well  suited  to  the  analysis  of  the  highly  discontinuous  thin  walled 
structures  which  characterise  aircraft  construction. 

The  structural  analysis  suites  are  themselves  Increasingly  regarded  as  an  Integral 
part  of  computer-aided  engineering  software  which  Is  encouraging  a  change  In  design 
philosophy  from  the  traditional  bulld-and-test  approach  to  one  In  which  alternative 
concepts  are  evaluated  and  designs  are  developed  using  computer  models.  In  the  early 
phases  of  design,  the  object  Is  to  obtain  an  overall  understanding  of  the  load  paths 
through  a  structure  and  to  develop  a  balanced  configuration  for  comparison  with  other 
concepts.  These  tasks  can  be  achieved  with  relatively  coarse  analyses  but  enable 
large  savings  to  be  made  In  development  time  and  cost. 

A  much  more  demanding  application  for  analytical  techniques  Is  their  use  to  verify 
the  Integrity  of  a  structure.,  Many  Industries  which  employ  structural  analysis. 
Including  the  civil  engineering,  nuclear  and  shlp-bulldlng  Industries,  are  concerned 
with  such  large-scale  structures  that  It  la  Impractical  for  them  to  perform  full- 
scale  tests.  It  has  become  standard  practice  in  some  sections  of  these  Industries  to 
submit  finite  element  analyses,  together  with  demonstration  of  conformity  with 
relevant  codas  of  practice,  as  proof  of  the  safety  of  bridges,  offshore  structures, 
dams  etc.  The  necessity  to  rely  on  analytical  techniques  has  driven  these  Industries 
to  develop  sophisticated  analysis  procedures  and  the  models  used  for  validation 
simulate  the  response  of  the  structure  In  detail  and  represent  the  opposite  end  of 
the  spectrum  to  the  models  used  in  Initial  design. 

In  the  aerospace  industry.  It  has  been  traditional  practice  to  perform  full- 
scale  tests  to  confirm  failure  modes  and  demonstrate  safety  margins.  The  present 
philosophy  for  determining  the  Integrity  of  a  structure  is  to  use  numerical  predictions 
for  the  many  necessary  load  cases  but  slways  to  validate  with  a  test.  Several  full- 
scale  tests  are  used  for  static  loading,  fatigue  and  dynamic  response.  However, 
these  tests  are  expensive  and  time  consuming  and  present  such  technical  difficulties 
that  the  aircraft  Industry  may  need  to  modify  this  traditional  approach  and  employ 
analysis,  valldstsd  by  component  tests,  to  reduce  major  static  testing.  This 
possibility  Is  causing  concern  to  both  the  manufacturers  and  the  airworthiness 
authorities  and  has  extensive  laplloatlons  which  must  be  addressed  at  an  early 
date. 
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2.  AIRWORTHINESS  ISSUES 

2.1  Overview 

Airworthiness  engineers  aim  to  ensure  that  certification  procedures  keep  pace  with 
advances  in  knowledge  and  technology  whilst  neither  presenting  design  penalties  nor 
allowing  unexpected  weaknesses  to  escape  detection. 

In  order  for  an  airframe  to  be  structurally  certified,  the  manufacturers  must 
patlsfy  the  airworthiness  authorities  that,  under  the  most  adverse  combinations  of 
leading  and  environmental  conditions  anticipated,  sufficient  strength  and  stiffness 
is  present  to  ensure  that  there  is  a  low  probability  that  the  structure  will  either 
fail  or  become  unairworthy  in  some  other  way.  Particular  attention  is  paid  to 
cumulative  effects  such  as  fatigue  and  allowance  is  made  for  uncertainties  in  material 
properties,  component  dimensions,  loading  approximation,  modelling  etc. 

The  integrity  of  the  structure  under  static  load  is  determined  by  a  combination  of 
physical  testing  and  theoretical  analyses  in  which  the  loads  applied  are  factored 
appropriately  over  the  maximum  loads  expected  in  service  to  allow  for  the  uncertainties 
mentioned  above.  Airworthiness  engineers  look  to  structural  analysts  both  in  the  fields 
of  certification  and  trouble  shooting  ( le  correcting  design  faults  revealed  during  tests 
or  in  service)  for  information  on  loading  distributions,  deformations  and  local  stresses 
and  strains. 

Major  static  analyses  are  used  to  interpret  the  strains  measured  during  strain  gauge 
surveys,  which  are  necessarily  performed  for  selected  design  cases,  in  order  that  the 
results  may  be  extrapolated  to  other  design  cases.  The  analysis  determines  the  major 
load  paths  through  the  structure  and  hence  assists  the  identification  of  critical 
features.  In  addition,  the  loads  to  be  applied  for  detail  stressing  and  component 
testing  are  determined  from  the  major  analysis.  The  long  term  integrity  of  an  airframe 
depends  upon  maintenance:  in  this  context,  structural  analyses  are  required  to  identify 
the  critical  features  upon  which  to  concentrate  maintenance  and  also  to  provide  data  for 
the  calculation  of  crack  growth  rates  and  critical  crack  lengths  in  order  to  determine 
inspection  Intervals.  Major  static  analyses  are  invariably  performed  using  the  finite 
element  method  and  recently  this  method  has  been  used  extensively  as  an  alternative  to 
data-sheet  Information  for  detail  stressing. 

Traditionally,  analytical  predictions  of  critical  structural  details,  failure  loads 
and  failure  modes  are  substantiated  by  major  static  tests  in  which  the  structure  is 
subjected  to  at  least  design  ultimate  load  (DUD.  These  tests  provide  a  last  line  of 
defence  intended  to  Identify  previously  unrecognised  critical  details  and  failure  modes. 
However,  because  of  the  substantial  cost  of  major  static  tests,  the  time  taken  to  perform 
them  and  the  difficulty  of  simulating  the  aircraft's  operational  environment  accurately, 
there  is  an  increasing  requirement  for  the  approval  of  structures  to  be  based  on  analyses 
and  component  tests,  with  reduced  reliance  on  major  static  tests. 

The  problems  of  timescale  and  simulation  of  the  operational  environment  are 
particularly  acute  for  composite  structures.  As  manufacturing  and  non-destructive 
testing  techniques  for  composite  materials  have  improved,  the  variation  in  quality 
of  nominally  identical  composite  specimens  has  decreased  to  become  similar  to  that 
achieved  with  metals.  A  major  consideration  remaining  is  their  susceptibility  to 
environmental  degradation.  This  is  specific  to  current  composite  materials  but  must 
be  accounted  for  when  testing.  The  time  required  and  the  technical  difficulties 
Involved  in  performing  a  full-scale  test  of  the  degraded  structure  are  likely  to  prove 
prohibitive.  Whilst  this  problem  affects  mainly  military  aircraft  at  present  it  is 
also  relevant  to  civil  aircraft. 

2.2  Certification  of  Civil  Aircraft 

Instances  of  an  analytical  approach  to  certification  have  been  more  evident  in  the 
case  of  civil  aircraft  than  military  aircraft.  Large  civil  aircraft  are  usually 
developed  considerably  through  their  lifetime.  At  the  moment,  the  practice  is  to  test 
the  initial  basic  type  of  any  planned  family  of  aircraft  knowing  that  in  the  future  it 
will  be  stretched  or  shortened,  or  have  its  flight  envelope  changed.  Also,  experience 
has  shown  that  in-service  operations  may  lead  to  a  revision  of  the  load  spectrum.  This 
can  arise  as  a  result  of  unforeseen  loadings  occurring  in  the  aircraft's  original  role 
or  as  a  result  of  a  complete  change  of  role,  as  in  the  extreme  case  of  the  British 
Airways  Tristar  fleet  converted  for  tanker/freighter  operations  with  the  RAF.  However 
all  these  things  are  considered  as  modifications  and  the  major  test  is  not  necessarily 
repeated.  Having  once  accepted  that  the  analysis  provides  an  adequate  model  of  reality, 
the  authorities  will  accept  future  revisions  for  the  basic  load  paths  through  the  structure 
on  the  basis  of  analysis.  Nevertheless,  if  modifications  to  the  structure  do  take  place 
then  component  testing  is  required. 

There  are  also  instances  where  the  role  of  major  static  tests  in  the  certification 
of  the  basic  type  has  been  reduced.  A  number  of  civil  aircraft,  including  the  latest 
variants  of  the  Trident  and  HS125,  have  been  certified  on  the  basis  of  finite  element 
analysis  and  conventional  detail  stressing  methods  w'ithout  a  major  test  to  DUL.  In 
addition,  the  Westland  WG30,  which  is  a  civil  helicopter  with  substantially  the  aane 
mechanical  systems  as  the  Lynx  but  with  an  entirely  new  fuselage,  has  been  certified 
with  no  major  static  tests. 
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Pressure,  on  both  British  msnufactuers  and  the  CAA,  to  reduce  major  static  testing 
can  arise  because  of  the  necessity  to  remain  competitive  with  US  manufacturers.  The 
Federal  Aviation  Authority  (FAA)  is  influenced,  when  setting  airworthiness  requirements, 
by  the  Interests  of  the  large  civil  aircraft  manufacturers  in  the  US.  Naturally, 
considerable  Importance  is  attached  to  the  economic  viability  as  well  as  the  safety 
aspect  of  the  requirements  and  the  reduction  in  time  and  cost  offered  by  the  replacement 
of  tests  with  analyses  is  attractive  to  the  manufacturers.  The  policy  of  the  CAA  is  to 
retain  consistency  with  FAA  practice  if  at  all  possible  and  this  has  been  the  policy  in 
the  present  case.  British  manufacturers  are  therefore  able,  and  are  forced  by  economic 
considerations,  to  follow  the  US  trend. 

One  major  reason  why  civil  aircraft  manufacturers  are  able  to  use  an  approach  to 
certification  which  relies  more  heavily  on  analysis  is  because  of  the  low  probability 
that  during  a  flight  the  primary  structure  of  a  civil  aircraft  will  be  subjected  to  a 
significant  proportion  of  the  limit  load.  This  is  because  the  limit  load  case  is 
usually  a  gust  case  (being  specified  as  remote  combinations  of  gust  velocity  and  air¬ 
speed  which  vary  with  altitude). 

2.3.  Certification  of  Military  Aircraft 

Because  combat  aircraft  frequently  operate  ar  load  levels  of  up  to  80k  of  the  limit 
it  la  crucial  that  the  full  design  strength  is  present,  and  combat  aircraft  are  invariably 
subjected  to  at  leart  DUL  in  a  number  of  load  cases  during  major  static  tests  and  to 
failure  under  one  load  case. 

Whilst  there  is  no  move  towards  reducing  the  role  of  major  static  tests  in  the 
certification  of  military  aircraft  constructed  from  conventional  materials,  the  intro¬ 
duction  of  composite  structures  has  necessitated  a  significant  reappraisal  of  military 
airworthiness  requirements.  In  the  static  certification  of  composite  structures  it  is 
necessary  to  account  for  the  most  adverse  environmental  degradation  anticipated.  This 
occurs  as  a  result  of  exposure  to  elevated  temperature  after  a  prolonged  period  of  high 
humidity  and  may  cause  a  substantial  reduction  in  both  the  strength  (especially  the 
compressive  strength)  and  the  stiffness  of  the  material.  However,  major  static  tests 
under  such  conditions  are  both  extremely  expensive  and  difficult  to  perform.  It  is 
likely  that  in  the  UK  and  Europe  there  would  be  strong  pressure  for  a  major  static 
teat  with  the  structure  in  a  degraded  condition  if  the  degradation  was  greater  than 
15%  of  the  undegraded  mean.  This  level  of  degradation  is  unlikely  to  occur  widely 
in  present  composite  structures,  although  in  the  fully  degraded  test  on  the  Tornado 
taileron  the  strength  reduction  measured  at  123*C  was  30%-40%.  The  USAF,  which  is  the 
biggest  customer  for  fixed  wing  combat  aircraft  in  the  US  and  hence  with  whose  require¬ 
ments  the  US  manufactuers  must  necessarily  comply,  have  said  that  they  will  not  use 
structures  which  degrade  more  than  10%-15%  and  will  not  under  any  circumstances  require 
a  major  static  test  under  degraded  conditions. 

With  no  major  static  test  of  the  degraded  structure  available,  a  proposed  certification 
procedure  is  as  follows:  a  major  static  test  would  be  performed  on  the  undegraded 
structure  in  which,  by  loading  the  structure  progressively,  the  limit  of  structural  air¬ 
worthiness  would  be  determined.  The  structure  would  then  be  reloaded  to  the  DUL  in  the 
more  adverse  design  case.  Failure  might  be  expected  to  occur  at  or  near  DUL  due  to  the 
lower  mean  strength  under  these  conditions  of  structural  details  not  susceptible  to 
degradation.  A  structural  analysis  would  then  be  required  to  Interpret  measured  strains 
in  selected  design  cases  in  order  that  the  strains  at  DUL  under  degraded  conditions 
could  be  estimated  for  all  design  cases.  The  extent  of  the  modification  to  the  analysis 
which  would  be  necessary  to  model  the  degraded  structure  would  depend  upon  the  degree  to 
which  the  stiffness  reductions  cause  load  redistribution  within  the  structure. 

The  analysis  would  be  used  to  estimate  the  limit  of  structural  airworthiness  with 
the  structure  in  a  degraded  condition  and  also  to  ensure  that  the  (usually  higher) 
allowable  strains  under  such  conditions  were  not  exceeded  at  DUL.  Data  would  be  retained 
in  order  that  the  analysis  was  reproducible  for  trouble-shooting.  The  analysis  of  the 
degraded  structure  also  determines  the  loads  to  be  applied  for  detail  stressing  and 
component  testing.  Element  tests  and  component  tests  would  be  performed  under  degraded 
conditions  to  determine  the  mean  failure  stress  and  the  failure  mode.  Standard  data¬ 
sheet  information  would  be  used  to  determine  the  variability  associated  with  the  failure 
mode  and  hence  the  allowable  for  substantiation  purposes.  These  tests  would  be  used 
directly  to  validate  detail  stressing  of  degraded  components  and  indirectly  to  achieve 
some  confidence  in  the  method  used  to  account  for  degradation  in  the  major  analysis. 

A  different  procedure  was  adopted  for  the  certification  of  the  Harrier  0R5(AV8B). 

In  that  ease,  strength  reduction  was  accounted  for  in  the  major  static  test  of  the 
undegraded  structure  by  introducing  an  additional  factor  over  and  above  the  ultimate 
factor.  This  factor  was  intended  to  allow  approximately  20%  over  the  ultimate  factor 
for  strength  degradation  with  an  additional  margin  for  variability.  Failure  in  the 
actual  test  occurred  at  1.2  x  design  ultimate  load  and  the  variability  margin  was  not 
achieved.  No  allowance  was  made  in  the  major  analysis  for  load  redistribution  due  to 
stiffness  degradation,  nor  for  the  possibility  of  a  resulting  change  of  failure  mode. 
However,  degraded  tests  were  perforred  on  large  structural  components  and  HcDonnell- 
Douglas  assured  the  authorities  that  thsy  had  been  careful  to  avoid  any  failure  modes 
dominated  by  matrix  properties. 
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Another  aspect  related  to  the  Introduction  of  composite  structures  arises  from 
their  relative  sensitivity  to  poor  detail  design,  and  the  likelihood  of  failure  under 
static  load  due  to  through-thickness  stress  concentrations  in  particular.  In  fact, 
the  arguments  for  performing  two  major  fatigue  tests,  could  logically  apply  to  static 
tests  for  composites,  the  second  test  being  used  to  confirm  the  adequacy  of  structural 
modifications  resulting  from  shortcomings  revealed  during  the  first,  early  test. 

Whilst  the  USAF  is  the  largest  customer  for  fixed-wing  combat  aircraft  in  the  US, 
the  US  Army  is  the  largest  customer  for  helicopters.  Unlike  the  USAF,  the  US  Army 
tends  not  to  dictate  its  requirements  to  the  manufacturers  but  is  more  willing  to 
follow  the  manufactuers  lead.  This,  together  with  the  fact  that  fatigue  rather  than 
static  strength  tends  to  be  the  dominant  consideration  in  helicopter  structural 
integrity,  makes  it  likely  that,  in  the  US,  it  is  in  the  certification  of  helicopters 
that  any  move  away  from  major  static  testing  will  be  initiated. 

3.  THE  USE  OF  FINITE  ELEMENT  ANALYSES  FOR  CERTIFICATION 

3.1  Introduction 

In  the  long  term,  a  trend  away  from  major  static  testing  is  almost  Inevitable, 
possibly  culminating  in  its  replacement  by  analysis  validated  by  component  testing. 

There  are  already  sufficient  instances  of  substantial  reliance  being  placed  on 
calculation  to  necessitate  a  major  reappraisal  of  the  role  of  analysis  in  certification 
and  of  the  modelling  and  analysis  procedures  used  in  both  major  analyses  and  detail 
stressing.  The  dominant  role  of  the  finite  element  method  in  major  analyses  and  its 
increasingly  large  role  in  detail  stressing  make  it  potentially  the  area  in  which  most 
problems  will  arise.  In  order  to  employ  procedures  heavily  reliant  on  FE  analysis  to 
certify  an  aircraft,  airworthiness  authorities  must  have  confidence  in: 

the  procedures  used  to  control  the  analysis  function; 

the  modelling  practice  used  for  analysis; 

the  Integrity  and  reliability  of  the  computer  codes  used; 

the  capabilities  of  the  personnel  responsible  for  analysis; 

their  own  ability  to  assess  analysis-based  procedures. 

These  issues  are  discussed  further  in  the  following  sub-sections. 

3.2  The  procedures  used  to  control  the  analysis  function. 

A  major  requirement  of  analysis  for  airworthiness  purposes  is  that  it  should  be 
consistent  in  quality.  It  is  assumed  that  a  quality  management  system  to  AQAP  1  or 
ISO  9001  is  adhered  to  in  order  to  provide  the  infrastructure  necessary  for  the 
implementation  of  AQ  standards  specific  to  finite  element  analysis.  It  is  important 
that  the  analysis  procedures  and  embodied  modelling  practices,  which  are  established 
as  being  adequate  for  the  purpose  of  demonstrating  structural  integrity,  are  recorded 
in  suitable  form  and  that  they  are  adopted  uniformly.  There  should  exist  auditable 
documentary  evidence  of  analysis  work  plans,  specifications,  analysis  procedures  and 
reports . 

In  order  to  Justify  the  modelling  practices  employed  within  a  company,  it  is 
likely  that  a  library  of  validated  reference  analyses  will  need  to  be  created,  which 
may  subsequently  be  used  to  demonstrate  that  the  modelling  practice  adopted  for  a 
particular  analysis  has  been  proved  adequate  for  the  class  of  component  or  detail 
under  consideration.  The  level  of  correlation  required  between  the  subject  and 
reference  structures  will  depend  on  the  category  of  importance  or  class  of  the  structure. 

3.3  Modelling  Practice  used  for  Analysis 

This  section  is  devoted  to  a  discussion  of  the  modelling  practice  and  usage 
currently  common  within  the  airframe  industry,  and  includes  some  speculative  comments 
as  to  where  change  may  be  anticipated. 

Finite  element  analysis  has  been  slower  to  make  an  impact  on  design  at  the  project 
stage  in  the  aircraft  industry  than  in  many  other  industries.  The  emphasis  at  the 
project  stage  is  on  obtaining  load  path  information  and  traditionally  in  the  aircraft 
industry  this  has  been  obtained  using  a  combination  of  techniques  including  classical 
analysis,  beam  modelling,  empericlsm  etc  with  heavy  reliance  being  placed  on  experience 
with  previous  designs.  At  present,  design  techniques  are  in  transition  with  finite 
element  analysis  becoming  used  much  more  extensively.  This  uce  of  the  finite  element 
method  is  becoming  more  convenient  because  the  general  trend  towards  the  Integration  of 
design  software  has  meant  geometry  created  for  other  purposes  is  readily  available  to 
analysts . 

The  major  load  paths  through  a  structure  can  usually  be  determined,  to  the  accuracy 
required  for  design  purposes,  by  conducting  a  small-displacement,  linear-elastic  analysis 
based  on  a  highly  id*.  Vised  FE  model  of  the  structure  in  which  there  is  considerable 
amalgamation  of  structural  members.  Constraints  on  turn-around  time  and  computer 
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resources,  and  Ignorance  of  the  detailed  construction  In  the  early  design  stages 
■ake  these  slmpllcatlons  both  necessary  and  legitimate. 

In  the  aircraft  Industry,  the  greatest  Impact  made  by  finite  element  analysis  has 
been  on  analytical  validation  of  designs  or  'check-stressing'.  Check-stressing 
Involves  a  major  analysis  of  the  airframe  combined  with  detail  stressing  of  components. 
At  present,  major  analyses  are  Invariably  performed  using  the  finite  element  method. 

The  major  analysis  is  used  to  confirm  the  load  path  Information  gained  during  the 
design  process  and  to  select  the  critical  design  load  cases  or  load  envelopes  which 
will  be  applied  In  the  major  static  test.  In  addition,  the  major  analysis  is  used 
to  Identify  the  critical  structural  details  and  to  determine  the  loads  which  will  be 
applied  to  these  features  for  detail  stressing  and  for  component  testing. 

The  major  analysis  results  may  be  validated  by  comparison  with  the  results  of 
a  strain  gauge  survey.  To  accomplish  this,  however,  requires  considerable  post¬ 
processing  of  the  analysis  results,  because  the  FE  models  used  at  present  are  not 
sufficiently  detailed  to  permit  a  direct  comparison  to  be  made.  The  strain  gauge 
survey  Is  usually  taken  as  having  validated  the  analysis  If  the  stress  levels  in  an 
area  of  the  structure  correspond  to  within  10X-20X  but  It  Is  unusual  to  obtain 
correspondence  in  the  detail  stress  distribution.  The  prediction  of  critical  details 
from  analysis  results  has  been  made  In  the  past  with  the  knowledge  that,  at  least 
under  the  most  significant  load  cases,  the  major  static  test  would  identify  any  details 
which  were  overlooked  in  the  analysis.  This  'safety-net*  provided  by  the  test  has  been 
an  enabling  factor  in  the  past  allowing  analysts  to  simplify  both  the  modelling  and 
the  type  of  analysis  used. 

Detail  stressing  is  at  present  performed  using  a  variety  of  techniques  involving 
classical  and  numerical  methods,  and  many  of  these  techniqeus  are  embodied  in  dedicated 
computer  programs.  However,  the  use  of  finite  element  analysis  In  detail  stressing  is 
becoming  widespread.  The  traditional  approach  to  the  use  of  results  from  finite  element 
analysis  to  predict  reserve  factors  is  to  combine  them  with  'data  sheet'  information 
based  on  a  combination  of  theory,  tests  and  empericlsm  from  which  failure  or  proof 
deformation  Is  estimated.  These  reserve  factors  form  the  basis  of  the  type-record  of 
the  aircraft  which  Is  submitted  to  the  airworthiness  authorities  as  part  of  the 
certification  procedure  and  is  referred  to  when  clearance  of  modifications  to  the 
original  aircraft  Is  sought.  However,  It  Is  now  becoming  common,  especially  In  the 
case  of  novel  compoennts  or  components  with  dimensions  outside  the  range  of  the 
dedicated  programs,  to  establish  failure  directly  from  finite  element  models.  Advances 
In  pre-processors  and  Increased  computer  power  Is  making  such  analyses  cost  effective 
:ompared  with  test. 

In  order  to  obtain  load  path  information  from  the  major  analysis  and  ensure  all  the 
critical  details  are  Identified  and  then  to  predict  failure  mechanisms  and  failure  loads 
from  detail  models  with  sufficient  accuracy  and  reliability,  rigorous  and  systematic 
modelling  procedures  must  be  adopted  and  used  routinely.  In  general,  modelling  will 
need  to  be  at  a  more  detailed  and  realistic  level.  If  a  structure  is  efficiently 
designed,  the  major  loads  will  be  transmitted  by  membrane  stresses.  However  significant 
bending  stresses  can  be  Introduced  at  load  application  points  and  geometric  discontinu¬ 
ities  and,  whilst  membrane  elements  may  be  adequate  for  many  design  purposes,  they  are 
less  appropriate  to  validation.  Care  will  be  required  to  ensure  that  the  modelling  is 
improved  In  a  consistent  way  and  the  Increased  complexity  of  the  model  is  fully 
exploited,  for  example  the  direct  replacement  of  membrane  elements  by  bending  elements 
will  not  exploit  the  bending  information  fully.  A  systematic  approach  to  the 
modelling  will  help  to  avoid  dependence  on  the  stress  engineer's  intuition,  which  can 
lead  to  the  model  being  refined  sufficiently  only  at  features  which  are  expected  to  be 
critical.  This  should  enable  the  identification  of  important  stresses  which  might 
otherwise  be  overlooked.  The  approach  will  be  assisted  by  the  tendency  when  using 
automatic  mesh  generators  to  use  more  elements  and  reduce  the  amount  of  lumping. 

It  is  lmr;ortant  that  methods  of  representing  the  stiffnesses  of  subaeale  details 
are  developed  so  that  major  analysis  can  be  performed  without  either  having  to  model 
the  features  in  detail  or  accepting  the  error  due  to  ignoring  them.  In  some  cases 
this  may  only  be  satisfactorily  achieved  by  the  formation  of  an  iterative  loop  between 
the  major  analysis  and  the  detail  stressing  such  that  condensed  stiffness  matrices 
derived  from  the  detail  stressing  models  are  used  to  update  the  major  analysis  model. 

A  related  area  in  which  modelling  needs  to  be  improved,  especially  for  the  assessment 
of  the  structural  airworthiness  limit,  is  in  the  way  in  which  account  is  taken  of 
Joint/actuator  stiffness.  Work  at  BAe  Warton  has  also  identified  the  values  of  the 
stiffness  used  for  panel  Joints  as  important  parameters  in  determining  the  accuracy 
achieved  in  analyses,  particularly  when  displacement  information  is  sought. 

Non-linear  effects  due  to  deformations  and  material  properties  will  need  to  be 
accounted  for  in  an  analysis  which  is  required  to  predict  the  response  of  the  structure 
close  to  failure.  Again,  the  modelling  will  need  to  be  at  a  more  detailed  and 
realistic  level  in  order  to  give  estimates  for  the  additional  bending  stresses 
present  in  the  post-buckled  state.  Routinely  calculating  the  geometric  stiffness 
matrix,  even  if  it  were  not  used  for  a  full  non-linear  analysis,  would  be  a  useful 
method  by  which  to  examine  how  well  a  geometrically  linear  approximation  was 
modelling  the  response  of  the  structure. 
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The  analysis  of  structures  containing  composite  materials  makes  severe  demands 
on  modelling  and  analysis  procedures.  These  arise  primarily  because  of  the 
susceptibility  of  the  material  to  degradation,  the  absence  of  sufficient  plasticity 
to  alleviate  local  stress  concentrations  and  the  tendency  for  inter-laminar  processes 
to  be  Important  in  failure.  Degradation  tends  to  cause  changes  in  local  failure  modes, 
in  particular  emphasising  the  importance  of  failures  due  to  minor  loading  in  the  third 
(through  thickness)  direction.  The  degree  of  plasticity,  which  allowed  analysts  to 
disregard  local  modelling  inaccuracies  when  modelling  metal  structures,  is  not  present 
in  composite  structures.  High  local  strains,  which  tend  to  reveal  themselves  as  fatigue 
problems  in  aluminium  alloy  structures,  can  Instead  cause  severe  static  problems  in 
composite  structures,  though  fatigue  remains  a  problem  in  some  cases.  Since  both  of 
these  features  tend  to  give  rise  to  local  problems,  extremely  fine  meshes  are 
required  in  order  to  characterise  them.  This  is  even  more  true  of  edge  effects  which 
have  been  found  to  cause  premature  failure  in  composite  panels. 

For  certification  purposes,  these  problems  require  a  response  from  analysts  in  two 
areas.  The  first  is  to  investigate  the  use  of  major  analysis  models  which  minimise 
the  possibility  of  falMng  to  identify  a  critical  structural  detail.  Such  analyses 
must  account  for  degradation  of  strength  and  stiffness,  possess  a  sufficient  degree 
of  refinement  over  the  entire  structure  and  use  bending  elements  more  extensively. 

The  second  is  the  involvement  of  computer-based  analysis  groups  in  detail  stressing 
where  it  will  be  necessary  to  assess  the  accuracy  with  which  failure  may  be  predicted 
using  very  detailed  models.  This  second  task  especially  represents  an  Important 
research  activity  because,  at  present,  analysts  have  very  little  experience  with  very 
detailed  models  containing  elements  of  sub-laminate  size.  Hybrid  metal/composite 
structures  present  particular  difficulties  because  yielding  of  the  metal  components 
may  cause  substantial  load  redistribution  close  to  failure.  This  material  non¬ 
linearity  must  be  accounted  for  where  it  arises  both  in  major  analyses  and  detail 
stressing . 

3.4  The  Integrity  and  Reliability  of  Computer  Codes 

An  important  part  of  ensuring  the  quality  of  analyses  used  for  airworthiness 
purposes  is  the  thorough  development  and  testing  of  finite  element  analysis  suites. 

A  small  number  of  suites  have  been  shown  to  be  sufficiently  comprehensive  and  reliable 
to  be  used  as  standard  for  design  purposes  within  the  aircraft  industry,  although 
many  of  the  facilities  within  these  suites  which  will  be  required  for  certification 
purposes  are  used  Infrequently  at  present  within  the  aircraft  industry  and  consequently 
their  performance  remains  largely  untested.  At  the  most  basic  level  it  is  essential 
that  the  elements  within  analysis  suites  are  subjected  to  benchmark  tests,  performed 
by  bodies  independent  of  the  vendors,  in  order  that  their  performance  and  suitability 
to  particular  applications  is  known. 

In  this  respect  organisations  like  NAFEMS,  which  is  seeking  to  provide  quality 
assurance  standards  for  finite  element  use  and  to  establish  standards  by  which  finite 
element  suites  may  be  evaluated,  are  capable  of  providing  a  valuable  service.  An 
important  feature  of  this  organisation  is  that  it  is  able  to  draw  on  experience  from  a 
number  of  branches  of  structural  engineering.  At  present,  neither  the  CAA  nor  the  UK 
Military  Airworthiness  Authorities  are  staffed  to  assess  the  analysis  suites  used  by 
aircraft  manufacturers  and  aircraft  component  manufacturers,  nor  would  they  particularly 
wish  to  become  Involved  with  making  such  assessments  or  with  the  qualification  of  programs. 
Nevertheless,  demonstration  of  the  Integrity  of  bought-in  software  is  a  necessary  and 
continuing  task,  and  is  probably  best  done  within  industry,  either  at  individual  sites 
or  under  collective  arrangement.  Evidence  of  adequate  quality  control  procedures  and 
of  software  verification  tests  should  be  sought  from  the  software  developer.  The 
authorities  would  only  be  Involved  indirectly,  by  confirming  that  such  assessments  had 
been  carried  out,  as  part  of  the  procedure  for  Issuing  a  certificate  of  design  approval. 

An  Increasing  role  for  calculation  in  the  airworthiness  clearance  will  mean  analysts 
incur  much  greater  responsibility.  It  is  essential  that  they  have  confidence  in  the 
capabilities  of  the  analysis  suites  which  they  use.  Similar  considerations  also  apply 
to  pro-  and  post-processors  and  any  Internally  developed  software  adjuncts  to  the 
finite  element  code. 

3.5  The  Capabilities  of  Personnel  Responsible  for  Analysis 

The  quality  and  credibility  of  any  analysis  is  also  critically  dependent  on  the 
experience  and  ability  of  staff  responsible  for  analysis.  Expertise  is  required  in 
several  areas.  Clearly,  familiarity  with  the  typo  of  analysis  being  conducted  is 
necessary  and,  even  more  important,  previous  experience  of  the  design  requirements  for 
the  class  of  structure  under  consideration  is  essential.  In  addition,  software 
expertise  is  called  for  to  ensure  that  code  is  correctly  installed,  that  data  is 
adequately  protected  against  corruption  and  is  transferred  between  codes  without  loss 
of  integrity.  It  is  unlikely  that  a  sufficient  breadth  of  experience  will  be  present 
in  a  single  individual,  but  it  may  be  expected  that  all  the  necessary  skills  will  be 
present  within  the  analysis  team. 

Outside  the  aircraft  Industry,  the  use  of  analysis  suites  by  unqualified  people 
is  a  matter  for  wide  concern.  Inexperience  of  finite  element  usage  is  a  particular 
problem  in  small  firms  whose  staff  are  less  likely  to  possess  a  theoretical  knowledge 
of  the  method.  Finite  element  analysis  is  beginning  to  be  regarded  as  'push-button' 
and  the  use  of  results  without  regard  to  inherent  assumptions  and  limitations  is 
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potentially  a  major  problem.  Thla  attitude  towards  finite  element  analysis  is  being 
encouraged  by  the  production  of  CAE  packages  containing  embedded  FE  analysis  systems, 
the  details  of  which  are  invisible  to  the  user.  In  the  extreme  these  packages  enable 
draughtsmen  to  perform  a  finite  element  analysis  without  any  knowledge  of  the  method. 

It  is  becoming  more  common  for  manufacturers  of  aircraft  components  to  perform 
finite  element  analyses  and  it  is  also  common  practice  for  small  bureaux  to  perform 
finite  element  analyses  under  sub-contract  to  the  large  aircraft  manufacturers. 
Experience  has  on  occasion  shown  that  the  standard  of  analyses  produced  by  sub¬ 
contractors,  using  both  finite  element  and  traditional  methods,  can  be  very  poor,  and 
it  has  been  essential  to  monitor  the  quality  of  analyses  by  maintaining  constant  and 
close  contact  with  the  sub-contractors.  It  is  important  that  Independent  expertise 
is  available  to  small  firms  and  here  again  organisations  like  NAFEHS  will  be  essential. 

Even  within  the  major  aircraft  companies  the  use  of  FE  systems  has  long  since 
ceased  to  be  the  preserve  of  the  small  specialist  groups  who  established  the  methods 
and  programs.  Thus,  here  too,  there  is  the  possibility  of  inexperienced  applications 
analysts  being  called  upon  to  work  with  Inadequate  specialist  supervision.  It  is 
unrealistic  to  look  for  any  more  than  an  appreciation  of  the  finite  element  method 
in  a  new  graduate  employed  as  a  general  stressman,  since  demands  on  engineering  syllabi 
in  undergraduate  courses  are  such  that  universities  are  unable  to  provide  sufficient 
practical  experience.  It  is  thus  the  responsibility  of  the  employer  to  provide  guidance 
and  instruction  and  to  enable  stressmen  to  gain  experience  of  the  method.  It  should 
not,  however,  be  assumed  that  more  senior  staff,  who  may  be  involved  principally  with 
traditional  methods,  necessarily  have  a  better  understanding  of  the  method:  specific 
attention  needs  to  be  paid  to  the  provision  of  suitable  specialist  supervision. 

Since  the  credibility  of  any  analysis  is  dependent  on  the  experience  and  ability 
of  the  people  conducting  it,  it  would  be  a  useful  and  sensible  measure  to  establish  a 
standard  level  of  qualification  and  categories  of  experience  for  finite  element  users 
and  supervisors,  defining  the  level  of  knowledge  and  experience  acceptable  for  members 
of  the  analysis  team.  This  is  particularly  so  where  the  analysis  is  used  to  provide  a 
definitive  assessment  of  the  integrity  of  a  structure  for  which  failure  would  incur 
unacceptable  financial  penalty  or  loss  of  life.  Such  an  approach  would  be  analogous 
to  the  requirement  for  a  major  test  to  be  supervised  by  an  engineer  with  chartered 
status.  Ideally  the  role  of  enforcing  such  standards  should  be  adopted  by  an 
authoritative  body  Independent  of  the  manuf actuers . 

3.6  Ability  of  Airworthiness  Authorities  to  assess  Analysis-based  Procedures 

The  primary  duty  of  airworthiness  engineers  is  to  ensure  the  safe  operation  of 
aircraft  and,  if  manufacturers  present  complex  analyses  for  certification,  airworthiness 
authorities  must  be  capable  of  making  an  assessment  of  accuracy  and  reliability  of  such 
analyses.  This  assessment  must  be  made  in  the  context  of:  the  track  record  and 
experience  of  the  particular  analysis  team;  evidence  offered  to  show  the  reliability 
of  the  modelling  practice  employed  in  predicting  internal  load  distribution  and 
strength  of  similar  structural  elements;  quality  assurance  and  validation  procedures 
used  to  establish  the  credibility  of  the  capabilities  of  the  finite  element  code 
employed,  together  with  any  user-supplied  adjoints  to  the  FE  code;  and  finally  the 
adequacy  of  procedures  established  for  specification  and  recording  of  analysis. 

For  the  more  technical  aspects  of  the  assessment,  airworthiness  engineers  will 
require  support  from  Independent  structural  analysts  who  have  an  expert  knowledge 
both  of  modelling  and  analysis  procedures,  and  of  the  analysis  suites  used.  The  depth 
of  support  available  at  present  to  the  authorities  in  the  UK  is  limited  even  for 
current  demands.  If  this  situation  is  not  recognised,  the  option  to  reduce  the 
present  degree  of  reliance  on  testing  procedures  will  not  be  available,  which  will 
increase  project  costs  and  significantly  Influence  the  competitive  position  of 
manufacturers . 

4  CONCLUSIONS 

It  is  apparent  that  UK  manufacturers  and  airworthiness  authorities  recognise 
the  longer  term  trend  away  from  reliance  on  major  static  tests.  It  is  important  that 
the  implications  of  this  trend  are  realised  and  a  reappraisal  of  the  role  of 
structural  analysis  in  certification  is  made,  on  a  national  and  international  basis. 

It  is  evident  that  a  considerable  Improvement  in  experience  and  development  of 
analysis  techniques  is  required  before  the  aircraft  industry  will  be  in  a  position 
to  submit  an  analysis  of  sufficient  demonstrable  quality  to  be  accepted  by  the 
authorities  as  a  major  element  of  proof  of  the  integrity  of  an  aircraft  structure. 

It  would  be  useful  for  the  aircraft  Industry  to  remain  aware  of  practice 
within  the  civil  engineering,  nuclear  and  ship-building  industries  which  face 
problems  of  similar  importance  with  the  use  of  analytical  techniques  for 
verification  of  structural  Integrity.  Experience  in  these  other  industries  suggests 
that  certification  procedures  which  rely  heavily  on  analysis  are  a  realistic  aim, 
although  the  special  problems  of  lightweight  structures  using  advanced  material  and 
subject  to  complex  and  continuous  loading  actions  which  arise  within  the  aircraft 
Industry  are  acknowledged. 
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There  Is  certainly  a  requirement  for  substantial  improvement  in  the  accuracy 
and  effectiveness  of  the  finite  element  technique,  particularly  in  specialised  areas 
such  as  fatigue  and  fracture  mechanics,  non-linear  analysis,  and  the  modelling  of 
through-thickness  effects  in  composites.  Nevertheless,  an  increased  role  for 
structural  analysis  in  certification  is  currently  possible  given  fresh  commitment 
within  the  aircraft  industry  to  the  exploitation  of  existing  analysis  capability 
since  such  use  is  not  solely  limited  by  the  intrinsic  deficiencies  or  lack  of 
capability  in  the  methods. 

The  necessary  improvements  of  analysis  techniques  should  be  accelerated  by  a 
dedicated  and  coherent  programme  of  research  with  certification  by  analytical 
techniques  as  the  target.  Some  of  the  areas  which  this  research  would  need  to 
cover  have  been  outlined  above  and,  in  addition,  fresh  effort  should  be  devoted  to 
establishing  the  credibility  of  current  analysis  capability.  Industry  should  be  in 
a  position  to  demonstrate  that  its  codes  are  adequately  validated,  that  its 
modelling  practices  are  reliable  and  that  it  has  staffed  all  safety-critical  analyses 
appropriately.  Given  an  increasing  acceptance  of  the  view  that  'product  assurance 
in  the  wider  sense  encompasses  quality  assurance  of  the  processes  used  to  define  the 
product'  some  of  these  aspects  are  likely  to  be  covered  by  standards  arising  outside 
the  aircraft  Industry,  which  may  then  be  adapted  to  our  needs. 

A  substantial  capital  Investment  in  computer  hardware  and  software  is  also 
required  at  an  early  stage  if  the  necessary  expertise  is  to  be  gained  and  economic 
benefits  reaped  in  the  future.  Further  resources  will  need  to  be  committed  to 
training  to  ensure  that  personnel  engaged  in  analysis  with  the  aim  of  demonstrating 
structural  integrity  are  adequately  qualified  and  have  sufficient  experience  for  the 
task.  There  is  a  requirement  for  educational  programmes  providing  an  extensive 
theoretical  grounding  and  the  opportunity  for  hands-on  experience  of  analysis  suites. 
These  must  be  complemented  by  good  quality  industrial  training,  under  expert  super¬ 
vision,  to  ensure  that  consistent,  proven  modelling  practices  are  employed.  Failure 
to  supply  investment  in  these  areas  will  prejudice  the  competitive  position  of  firms 
within  the  aircraft  industry. 

Even  within  a  clearance  procedure  based  primarily  on  the  use  of  major  static 
tests,  airworthiness  authorities  recognise  the  heavy  reliance  which  is  already 
placed  on  structural  analysis  in  certification  and  the  increasing  role  which  finite 
element  analysis  will  perform  in  detail  stressing.  This  reliance  on  structural 
analysis  should  be  reflected  in  clearance  procedures.  Current  procedures  place  the 
major  emphasis  on  test  results  but  should  also  specify  requirements  for  the  analysis, 
where  it  is  used  for  Identifying  and  determining  the  loads  to  be  applied  in  the  test 
cases,  extrapolating  from  the  tested  cases,  and  forming  the  type-record  for  the 
aircraft  which  is  heavily  relied  upon  to  Justify  modifications  to  the  original  aircraft. 
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Sunnary 

This  paper  is  concerned  with  the  use  of  analysis  in  the  gualiflcatlon  of 
aircraft  structures  nade  with  conposite  naterlals.  Four  areas  of  work  are 
discussed:  statistics  for  naterial  allowables,  danage  tolerance  nodelling, 
hygrothemal  nodelling,  and  buckling  of  stiffened  conpresslon  panels. 


List  of  Synbols 


a  delanlnatlon  length 

Ax  allowable  for  population  1 

bi.  deviation  of  batch  1  nean  fron  the  overall  nean 

Du  transverse  dlffuslvlty 

fi.  distribution  for  population  i 

G  (M  -  Nl)/(>W  -  Ml),  fraction  of  naxlnun  possible  weight  gain 
strain  energy  release  rate 
Gk  initial  linear  portion  of  G  versus  Jt  curve 
h  thickness 

I  total  nunber  of  observations  per  batch 

J  total  nuAer  of  batches 

k  allowable  factor  for  nomal  population  without  batch  to  batch  variation 
M  weight  percentage  nolsture  content 
Ml  initial  M 
IC  saturation  M 

li.  x-dlrectlon  plate  bending  nonent  per  unit  width 

x-dlrectlon  plate  transverse  shear  force  per  unit  width 

r  ratio  between  two  population  distributions 

R 

s  sanple  overall  standard  deviation 
s*  saaple  overall  variance 

variance  of  sanple  batch  naans 
Sw*  variance  of  sanple  observations  within  batches 
t  tine 

T  allowable  factor  for  nomal  population  with  batch  to  batch  variation 
Wij  deviation  of  observation  j  in  batch  i  fron  the  batch  nean 
S  sanple  overall  nean 
Zij  the  observation  fron  batch  1 

X  value  of  a  given  population  percentile 
U  population  overall  nean 
Ota*  variance  of  bi 
cu*  variance  of  Hxx 

cu  population  overall  standard  deviation 


'  Introduction 


This  conpany'B  experience  with  conposite  flight  structures  has  shown  that  extensive 
testing  has  always  been  required  to  support  design,  developnent,  and  certification. 

This  is  so  because  the  physics  of  the  problens  Involved  are  difficult  to  nodel  fully  and 
accurately.  Testing  has  been  used  to  tell  us  things  about  the  naterlals’  behavior  that 
we  could  not  predict  quantitatively  using  analysis  or  past  experience. 

This  reliance  on  testing  has  been  accepted  in  the  past  because  of  the  advanced  nature  of 
the  technology.  As  conposites  nove  into  the  nainstrean  there  is  pressure  to  reduce  the 
anount  of  tine  and  noney  needed  to  develop  and  certify  new  designs. 

One  way  to  naka  the  design  of  conposite  structures  nore  tinely  and  less  costly  is  to 
replace  testing  with  analysis.  Analysis  is  alnost  always  a  nuch  quicker  and  lass 
expensive  way  of  detemlning  a  structure's  behavior  than  is  tasting.  Higher 
perfomance  designs  will  also  result  because  nore  alternatives  can  be  exanlned. 

At  canadalr,  we  are  developing  nethods  that  are  Increnentally  reducing  the  anount  of 
testing  we  do.  Although  testing  in  no  area  can  be  ellnlnated  altogether,  it  is 
gradually  being  reduced  as  we  gain  experience  with  new  analyses.  The  following  sections 
outline  bow  we  are  exploring  analysis  in  four  different  areas  of  deslgh:  statistics, 
hygrothemal  behavior,  danage  tolerance,  and  buckling. 
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Statistics  for  Material  Allowables 


Material  strength  Is  a  stochastic  property,  exhibiting  sone  degree  of  rand<»  variation. 
By  using  experinentatlon  and  the  tools  of  aatheBatlcal  statistics,  it  nay  be  possible  to 
derive  certain  lower  Halts  on  the  values  that  strength  can  take  on.  These  lower  Halts 
are  soaetlaes  called  allowables. 

An  allowable  Is  a  single  nuaber  which  Is  defined  In  probabilistic  terns.  It  Is  derived 
froB  a  randOB  population  saaple.  Two  coaaonly  used  allowables  are  the  A-basis  and 
B-basls  allowables,  respectively  defined  as  the  lower  99th  and  90th  population 
percentiles  stated  with  a  confidence  of  95%. 

Allowables  are  required  for  the  aost  critical  service  conditions  as  defined  by 
teaperature  and  exposure  to  aoisture  and  chealcals.  One  way  of  addressing  this  need  Is 
to  test  large  nuabers  of  speciaens  under  all  the  conditions  of  Interest.  This  approach 
Is  expensive,  and  has  spurred  interest  In  pairing,  a  way  of  deriving  allowables  under 
soae  conditions  without  extensive  testing. 


Batch  Variability 

The  statistical  procedures  needed  to  derive  design  allowables  for  coaposite  aaterlals 
are  deteralned  In  part  by  the  phenomenon  of  batch  to  batch  variability.  In  addition  to 
the  randoB  differences  In  the  strength  of  aaterial  taken  froa  one  batch,  material  taken 
froa  different  batches  can  show  systematic  differences.  Figure  1  illustrates  this  with 
Bean  tensile  strength  data  extracted  froa  acceptance  tests  for  unidirectional 
gr aphlte/epoxy . 


ANOVA 

A  aethod  for  estiaating  population  percentiles  In  the  presence  of  batch  to  batch 
variability  has  been  developed  by  Leaon  [1]  and  Mee  and  Owen  [2].  This  aethod,  with 
Bodlflcatlons,  has  been  Incorporated  In  Military  Handbook  17B  [3]. 

The  appendix  outlines  this  aethod,  and  the  Banner  in  which  It  has  been  extended  to 
coapute  A-basls  as  well  as  B-basls  allowables. 

The  procedure  has  been  coded  and  used  to  analyze  aaterial  qualification  data  for  several 
coaposite  aaterial  systeas.  It  was  quickly  found  that  the  results  are  very  sensitive  to 
the  nuaber  of  batches  used  In  the  testing. 

To  investigate  this  effect,  a  Monte-Carlo  siaulatlon  was  carried  out.  Artificial 
saaples  froa  noraal  populations  with  fixed  values  of  u,  %*,  and  were  generated  and 
analyzed  aany  tlaes.  The  resulting  large  saaples  of  allowables  were  examined  to 
determine  the  distribution  of  allowables  generated  by  the  aethod. 

Figure  2  shows  results  for  a  population  with  u  =  100,  and  a.  =  cu  =  >/50.  These 
paraaeters  give  an  overall  population  coefficient  of  variation  of  10%.  Each  error  bar 
Is  the  result  of  15,000  slaulatlons  of  a  saaple  of  100  observations.  The  error 
intervals  have  a  90%  probability  of  containing  the  computed  A-basls  allowables.  The 
upper  ends  of  the  error  bars  are  correctly  positioned  at  the  99 percentile  of  the 
population  since  there  is  a  5%  chance  that  the  allowable  will  be  above  the  Interval. 

This  follows  froa  the  definition  of  the  allowable. 

The  figure  shows  that  If  too  few  batches  are  used,  the  allowable  is  likely  to  be 
extremely  conservative.  As  the  nuaber  of  batches  Increases  for  a  constant  total  number 
of  tests,  the  allowable  estimate  steadily  improves  up  to  the  Halt  where  there  are  only 
two  observations  per  batch. 

These  results  can  be  compared  to  the  case  where  there  Is  no  batch  to  batch  variability. 
For  a  noraal  population,  the  allowables  aay  be  estimated  using: 

X.,  3  8  -  ks  (1) 

where  k  Is  a  pre-deteralned  factor.  Monte-carlo  simulation  was  again  used  to  construct 
the  90%  confidence  Interval  of  the  computed  A-basls  allowable.  In  figure  3  this 
Interval  Is  compared  to  the  best  result  with  batch  variability  when  the  naxlaua  nuaber 
of  batches  are  used  (Bq.  (A2)).  The  allowable  computed  with  Bq.  (1)  has  less  spread 
than  the  one  computed  with  Bq.  (A2).  To  compute  an  allowable  with  Bq.  (A2)  with  the 
saae  quality  as  one  computed  with  Bq.  (1),  a  larger  nuaber  of  specimens,  from  a 
sufficient  number  of  batches,  would  have  to  be  tested. 

Bxaalnation  of  results  for  B-basls  allowables  shows  slailar  results.  Less  conservatisa 
in  the  estimates  of  the  allowables  is  found. 


Pairing 

During  a  aaterial  qualification  prograaae,  allowables  must  be  computed  for  several 
properties  under  aultlple  conditions  of  teaperature,  aoisture  and  cheaical  exposure. 


11-3 


Testing  large  nulti-batch  sanples  for  each  conblnatlon  of  property  and  environnent  would 
be  very  costly.  For  this  reason,  a  pairing  procedure  was  developed. 

Pairing  has  been  used  to  calculate  design  allowables  for  netallic  naterials,  and  is 
described  in  Military  standardization  Handbook  5D  [4].  This  nethod  has  been  adapted  for 
use  in  the  presence  of  batch  variability. 

The  appendix  describes  the  nethods  that  have  been  developed  to  allow  pairing  with  batch 
variation . 

Additional  slnulation  was  carried  out  to  study  the  distributions  of  allowables  computed 
using  this  pairing  technique.  In  the  slnulation,  the  properties  of  population  1  (for 
which  allowables  were  calculated  directly)  were  =  100,  and  Obi  =  o^i  =  V50,  and  for 
population  2  lu  =  SO,  and  a^a  =  o^a  =  V(50)/2.  These  populations  both  had  a  coefficient 
of  variation  of  10%,  and  the  exact  value  of  r  was  1/2.  The  nunber  of  batches  for  both 
sanples  was  10.  Allowables  for  population  1  were  calculated  directly  as  before,  then 
allowables  for  population  2  were  calculated  by  pairing. 

The  results  for  the  A-basls  allowables  shown  in  figure  4,  showed  that  the  estlnates  were 
conservative,  as  expected.  There  was  little  Inproveaent  in  the  paired  allowables  as  the 
nunber  of  data  in  the  snail  sanples  fron  population  2  were  Increased. 

conparlson  of  figure  4  with  figure  2  shows  that  the  allowable  estlnates  for  J  =  10  fron 
figure  2  have  essentially  been  scaled  down  by  a  conservative  estimate  of  r  to  give  the 
error  Intervals  in  figure  4.  This  Inplies  that  the  spread  of  the  r  estinate  is  not  very 
large  compared  to  the  spread  of  the  allowable  calculated  for  population  1.  inproving 
the  allowables  for  population  2  would  require  an  inproveaent  in  the  allowables  for 
population  1.  As  explained  in  the  preceding  section,  that  would  require  an  increase  in 
the  nunber  of  batches  or  specimens  or  both. 


Damage  Tolerance 

The  development  of  analysis  nethods  for  damage  tolerance  is  difficult  because  there  are 
several  aspects  to  the  problem,  and  each  aspect  is  a  complicated  problem  in  Itself. 

The  first  thing  to  consider  is  the  source  of  damage  and  the  resulting  damage  state.  The 
damage  state  may  Include  delanlnatlon,  transverse  cracking  and  crazing,  and  fiber 
breakage,  splitting,  and  debonding.  The  spatial  distribution  and  density  of  the 
different  damage  types  must  be  quantified.  Damage  sources  nay  Include  impact, 
mishandling,  manufacturing  defects,  and  usage  effects  like  abrasion,  fretting,  and  wear. 
The  relationship  between  damage  source  and  damage  state  must  be  quantified. 

The  second  aspect  of  the  problem  is  the  response  of  damage  states  to  driving  forces. 
Damage  states  nay  evolve  tuider  the  action  of  monotonic  and  cyclic  loading  and  thermal 
cycling.  Damage  progression  is  affected  by  stress  level  and  stress  state,  layup,  and 
the  properties  of  the  material  system  such  as  matrix  modulus  and  toughness,  system 
critical  energy  release  rates,  the  fiber  longitudinal  and  transverse  strength  and 
toughness,  the  Interfaclal  strength  and  friction  properties,  voids,  and  fiber 
distribution  and  volume  fraction. 

The  third  aspect  of  the  problem  concerns  the  failure  criterion.  The  criterion  must  be 
defined  in  terms  of  the  damage  state  parameters.  Failure  may  be  defined  as  a 
degradation  in  stiffness  or  in  the  ability  to  carry  load.  Or  it  nay  be  defined  by  the 
physical  dimensions  of  a  particular  damage  feature. 

The  overall  problem  is  extremely  difficult  to  analyze  quantitatively,  and  few  generally 
applicable  methods  exist.  The  tendency  has  been  to  develop  design  data  empirically. 
Analysis,  if  used,  is  based  on  simplified  models  that  contain  at  least  some  parameters 
that  need  to  be  determined  by  test. 


Delanlnatlon  Modelling 

Work  is  under  way  to  model  the  behavior  of  single-level  delamlnatlons .  Such 
delaminatlons  nay  arise  fron  foreign  material,  such  as  films  or  backing  paper,  being 
left  in  the  laminate  during  manufacture.  Impact  usually  gives  rise  to  multi-level 
delanlnatlon,  plus  other  effects.  Future  work  will  attempt  to  show  that  the  parametric 
behavior  of  single-level  delamlnatlons  is  similar  to  that  of  impact  delamlnatlons. 

Plate-type  finite-element  models  have  been  made  of  delamlnatlons.  Both  square  and  round 
cases  have  been  studied  (figure  5). 

The  square  delanlnatlon  was  examined  because  a  supporting  analytical  buckling  analysis 
could  be  more  easily  performed.  Using  a  NA8TRAN  geometric  nonlinear  solution  (solution 
66),  the  delamlnatlon  was  modelled  in  the  post-buckled  condition.  The  load-deflection 
curve  of  the  delaminated  plate  was  derived  with  some  difficulty  due  to  numerical 
instability  of  the  solution  algorithms.  The  analysis  was  then  repeated  for  a  slightly 
larger  delamination.  The  shape  of  the  delamination-front  advancement  was  made 
proportional  to  the  crack-opening  bending  moments  in  the  delanlnatlon  uncovered  during 
the  nonlinear  analysis. 
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Analysis  of  tbs  enlarged  delanlnatlon  gave  a  second  load-deflection  curve  ( figure  6 ) . 
Integrating  the  two  curves,  taking  the  difference,  and  dividing  by  the  area  of  the 
delanlnatlon  extension  gave  the  strain  energy  release  rate  ( figure  7 ) .  This  release 
rate  was  an  overall  value,  not  separated  into  the  coaponent  nodes,  but  it  served  to  show 
the  feasibility  of  the  approach. 

Work  is  Currently  proceeding  on  the  nore  realistic  round  delanlnatlon.  Recent 
inprovenents  in  NASTRAN's  geonetrlc  nonlinear  capabilities  are  easing  the  task  of 
obtaining  solutions,  but  nunerical  difficulties  renaln  the  nost  tine  consunlng  aspect  of 
this  work,  when  solutions  are  obtained,  they  are  sonetlnes  unexpected.  Figure  8  shows 
the  round  delanlnatlon  buckled  into  an  s-shape  Instead  of  the  expected  outward-bulging 
configuration,  caused  by  overall  buckling  uneiqpectedly  preceding  the  delanlnatlon 
buckling. 


Edge  Delanlnatlon 

Available  analysis  consists  of  3-dlnensional  analysis  of  edge  stresses  in  the  absence  of 
geonetrlc  discontinuities,  such  analysis  seens  able  to  Indicate  the  propensity  of  a 
lanlnate  to  delanlnate  at  a  straight  free  edge,  although  critical  stress  levels  have  not 
been  obtained.  Figure  9  shows  the  through-thickness  nomal  stress  as  detemlned  by  the 
finite  elenent  nethod  [5]. 

Tension  donlnated  spectrun  fatigue  testing  of  this  lanlnate  resulted  in  delanlnatlon  of 
the  test  speclnen,  idille  conpresslon  donlnated  fatigue  did  not  [6].  Delanlnatlon 
occurred  at  the  90«  plies,  where  through-thickness  tensile  stress  was  naxinun. 


Hygrothemal  Effects 

Analysis  procedures  for  hygrothemal  effects  In  conposites  are  generally  based  on  the 
hypothesis  that  the  behavior  is  Flcklan,  as  Illustrated  in  figure  10.  ms  is 
occasionally  not  true.  One  naterlal  systen  has  been  observed  to  exhibit  Flcklan 
behavior  at  lower  tenperatures  and  non-Flcklan  behavior  at  higher  tenperatures  (figure 
11)[71. 

In  cases  where  non-Flckian  behavior  Is  observed,  a  Flcklan  approxlnatlon  nay  be  nade  if 
deviations  In  the  nolsture  uptake  profile  are  not  too  great. 


Property  Detemlnatlon 

Results  fron  [8]  for  absorption  Into  an  Infinite  plate  under  constant  conditions  show 
that  the  entire  uptake  curve  Is  well  approxinated  by: 

where  G  =  N  -  Mi.  (3) 

-  Ml 


G  =  1  -  exp  - 


While  the  linear  Initial  portion  Is  given  by: 


Gi  s  4VtVDx  I*) 

Enplrlcal  estinates  of  D>  are  nade  fron  the  Initial  part  of  the  curve  using  Rq.  (4),  and 
Ik  Is  estlnated  by  allowing  test  naterlal  to  saturate.  One  wishes  to  nlnlnlxe  the  tine 
required  for  test  naterlal  to  reach  saturation.  This  can  be  acconpllsbed  for  any  given 
D«  by  naking  the  test  coupons  thin.  This  has  the  undesirable  effect  of  shortening  the 
Initial  linear  portion  of  the  curve,  perhaps  naking  It  difficult  to  obtain  enough 
readings  to  get  an  accurate  estlnate  of  the  slope. 

By  writing  an  expression  for  the  error  between  Bq.  (2)  and  Bq.  (4),  setting  this  error 
to  5%,  and  setting  t  to  2  days,  one  finds  that  D,yh*  *  8.5xl0~^s~'.  With  this,  one  can 
use  a  rough  prellalnary  estlnate  of  Eu  and  solve  for  h.  nils  thickness  of  naterlal  will 
result  In  the  nolsture  uptake  curve  not  deviating  nore  than  5%  fron  linearity  for  the 
first  two  days  of  exposure.  This  allows  sufficient  tine  to  take  several  readings  In  the 
linear  portion  of  the  curve,  while  keeping  the  speclnen  thickness  to  a  nlnlnun. 


conditioning  Scheduling 

Once  the  Flcklan  diffusion  paraneters  have  been  detemlned  as  a  function  of  tanperatum 
and  hunldity,  they  can  be  enployed  in  the  analysis  of  test  structums.  For  this 
purpose,  a  public  :tonaln  conputar  progran  has  bean  used  to  solve  diffusion  problens  with 
variable  boundary  conditions  [9]. 

Such  an  analysis  nay  be  enployed  to  plan  a  nolsture  conditioning  progran  to  give  desired 
nolsture  levels  and  through-thickness  nolsture  profiles.  The  advantage  of  this  approach 
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can  be  seen  by  conparing  it  to  the  alternative:  soaking  in  a  worst-case  envlronnent 
until  saturation  is  reached. 

Figure  12  shows  the  noisture  uptake  curve  for  an  actual  conponent  exposed  at  it's 
■axlnun  service  tenperature  and  95%  RH.  A  qualitative  look  at  this  data  suggests  that 
the  conponent  is  saturated,  and  is  ready  for  testing.  A  slaple  calculation,  however, 
shows  that  the  highest  stressed,  thickest,  and  aost  critical  sections  of  the  assenbly 
have  only  reached  40%  of  saturation.  Due  to  the  non-unlfom  nature  of  the  transient 
noisture  profile  through  the  thickness,  the  noisture  content  at  the  center  of  the 
thickest  sections,  where  there  happens  to  be  a  bond  line,  is  even  lower.  Conditioning 
nust  evidently  continue  until  calculation  shows  that  the  critical  areas  have  reached  an 
acceptable  noisture  level. 

If  the  naterlal  can  tolerate  tenperatures  higher  than  the  naxlnun  service  tenperature, 
conditioning  could  be  accelerated  by  taking  advantage  of  the  Increase  in  dlffuslvlty 
with  tenperature.  If  the  target  noisture  level  is  less  than  saturation,  a  period  of 
drying  nay  be  enployed  after  conditioning  to  achieve  a  acre  unlfom  through-thickness 
noisture  profile. 


Service  slnulatlon 

A  conservative  noisture  level  can  be  achieved  in  test  parts  by  soaking  then  at  the 
ajuclnun  service  tenperature  and  a  high  hunldlty,  for  exanple,  85%  RH  (Ref.  [3]  sect. 
2.2.1).  This  has  been  shown  to  be  a  good  rule,  not  only  for  epoxies,  but  also  for  a 
blsnalelnide-aodlfled  epoxy  in  the  Instance  of  a  transport  aircraft  environnental 
spectrun  (Ref.  [6]  Sect.  6.4). 

A  fighter  spectrun,  with  the  effects  of  hot  dry  excursions,  could  give  an  appreciably 
lower  equlllbrlun  noisture  content,  in  this  case,  detailed  environnental  slnulatlon 
using  a  realistic  service  spectrun  is  justified. 


stiffened  Panel  Buckling 

Experlnental  results  on  stiffened  conpression  panels  have  shown  that  skin/stiffener 
separation  can  be  the  critical  failure  node  (Ref.  [6]  Sect.  7. 1.1. 2.1).  Prenature 
failure  at  about  50%  of  the  expected  ultinate  load  has  been  observed  due  to  this 
phenonenon. 

This  failure  node  involved  two  factors:  skins  which  were  designed  to  operate  in  the 
post-buckled  state,  and  the  stiff ener/skln  co-cured  bond  which  was  not  designed  for  peel 
strength. 

To  help  understand  the  failure,  the  full  sized  2-bay  panel  (figure  13)  was  nodelled  by  a 
1/2  bay  finite  elenent  assenbly  with  synnetrlc  boundary  conditions  along  the  lateral 
edges  (figure  14).  The  NASTRAN  geonetrlc  nonlinear  solution  64  was  used  to  derive 
results  in  the  post-buckled  state. 

These  results  were  used  in  two  ways.  First,  a  2-dlnensional  fracture  nodel  of  the 
stlffener/skln  bond  was  analyzed  using  as  input  the  elenent  forces  derived  fron  the 
non-linear  analysis  (figure  15).  By  detaching  nodes  along  the  bondline,  it  was  possible 
to  derive  a  strain  energy  release  curve  ( figure  16 ) . 

The  G.  versus  a  (crack  length)  curve  shows  unstable/stable  growth,  as  indicated  by  the 
change  fron  positive  to  negative  slope.  This  was  observed  during  the  test.  The 
absolute  level  of  cracking  could  not  be  predicted  because  infomation  on  initial  crack 
length  and  critical  strain  energy  release  rate  (<te)  was  lacking.  Further  work  would 
have  to  be  done  to  separate  GL  into  the  conponent  nodes  I,  II,  and  III.  For  these 
reasons,  this  approach  was  deened  inpractical  for  design  and  certification  support. 

An  alternative  approach,  using  a  strength  of  naterials  philosophy,  was  then  tried.  The 
peeling  forces  and  aonents  in  the  panel  at  the  base  of  the  stiffener  were  extracted  fron 
the  nodel.  Bxanlnatlon  of  the  values  showed  that  the  naxlnun  peeling  force  and  nonent 
were  about  8.5  N/nn  and  110  N-nn/an  at  the  load  corresponding  to  the  first  detected 
cracking  in  the  test  (figure  17).  The  aaxiaua  values  were  located  at  the  central 
buckling  antinode. 

A  strength  test  was  then  perforaed  on  the  bond  by  applying  a  direct  peel  load  to  the 
stiffener.  The  skin  was  supported  in  such  a  way  as  to  induce  realistic  bending  at  the 
bondline.  Taking  the  average  of  three  tests,  the  failure  peeling  loads  and  aonents  were 
7.7  N/nn  and  96  N-nn/an  at  the  bondline.  This  is  encouraging  agreenent  with  the 
aodelllng  results. 

The  strength  of  naterials  approach  is  nore  practical  than  the  fracture  nechanics 
approach  for  use  in  design  and  certification.  Analysis  can  provide  reasonably  accurate 
loads  on  the  critical  interface.  Snail-scale  testing  can  then  be  carried  out  to  choose 
optinun  geonetry,  naterlal,  and  details  to  give  a  sufficiently  strong  joint. 
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ConclttsionB 


This  pspsr  has  addressed  four  areas  of  analysis: 

1.  Statistics.  It  has  been  shomi  that  standard  nethods  for  deriving  allowables  in  the 
presence  of  batch  to  batch  variability  can  be  extended  to  give  A-basls  allowables 
and  to  allow  pairing.  The  nethod  is  sensitive  to  the  nunber  of  batches  used  in 
testing. 

2.  Hygrotherwal  Analysis.  A  gulch  way  of  sizing  test  coupons  to  ■Inlnlze  the  tine 
needed  to  obtain  the  aaterlal  properties  has  been  derived,  standard  analysis 
■etbods  based  on  Flckian  diffusion  are  used  routinely. 

3.  Daaage  Tolerance.  Modelling  of  single-level  delanlnatlons  has  shown  that  the 
geoaetrlc  non-linear  finite  eleaent  aethod  is  a  feasible  way  of  obtaining  energy 
release  rates.  The  aethod  has  not  yet  been  shown  to  be  practical  for  design. 

4.  stiffened  Panel  Buckling.  Geoaetrlc  non-linear  finite  eleaents  have  been  shown  to 
provide  accurate  loads  on  the  bond  between  the  stiffeners  and  the  skin  in  the  post 
buckled  state.  Siaple  tests  can  be  used  to  asses  the  Integrity  of  the  bond  and  to 
select  optlaua  configurations. 
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Batch  Variation  of  F,', ,  QrapMla'Bpoxy 
90K  Confldanca  Bands  on  Moan 


MTCH 


Figure  1.  Variation  of  nean  tensile  strength  with  batch. 


A-ANowabte 
90%  Confldancs  Banda 


Figure  2.  Variation  of  allowable  with  nuober  of  batches  tested. 


A-AllowaMa 
90%  Confldancs  Banda 


Figure  3.  Conparlson  of  allowable  with  and  without  batch  variability 


Rafesd  A-Baala  Alowabis 
90%  Confldancs  Bands 


Figure  4.  Paired  allowable  with  batch  variability. 
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Appendix 


Deriving  Allowables  With  Batch  Variability 

The  method  is  based  on  the  analysis  of  variance  (ANOVA) .  It  is  assumed  that  the 
population  can  be  described  by  a  model  of  the  form: 


*±d  =  U  +  bi  +  Wij  l  =  ltoI,j  =  ltoJ 


(Al) 


b^  and  w±:i  are  assumed  to  be  normally  distributed  with  variances  and 
respectively.  The  population  percentiles  are  estimated  from: 

Xb  =  S  -  T(s»,*  +  su*)'"'"  (A2) 

where  x,  and  Sw^  are  estimates  of  u,  and  respectively.  Reference  [3]  gives 

a  procedure  for  calculating  T  such  that  ib  corresponds  to  a  B-basls  allowable.  To  find 
T  such  that  is  an  A-basls  allowable,  the  factor  1.282  in  equation  8.5.4(h)  of  [3] 
should  be  changed  to  2.326  as  required  by  equation  2.3  of  [2]. 


Pairing 

The  method  assumes  that  two  populations  of  material  properties  are  related  by  a  ratio: 

fa  =  r  X  f 1  (A3) 

Consequently,  if  an  allowable  is  Icnown  for  population  1,  then  the  allowable  for 
population  2  is  given  by: 

Aa  =  r  X  Al  (A4) 

If  the  large-sample  method  described  above  is  used  to  derive  the  allowable  Ai  then  an 
estimate  of  r  is  all  that  is  needed  to  find  . 

A  sample  of  r  can  be  constructed  by  dividing  individual  test  results  from  population  2 
by  individual  results  from  population  1.  The  number  of  batches  and  specimens  used  in 
testing  population  2  should  be  equal  to  or  less  than  the  number  used  for  population  1. 
Individual  batches  from  population  2  are  then  paired  with  Individual  batches  from 
population  1.  individual  specimens  from  batches  in  population  2  are  then  divided  by 
randomly  chosen  specimens  from  the  paired  batch  in  population  1. 

This  procedure  will  result  in  a  sample  of  r  values  divided  into  batches.  The  number  of 
batches  and  specimens  is  equal  to  the  number  used  for  the  sample  of  population  2.  This 
sample  of  r  is  then  analyzed  using  the  method  of  [3]  to  obtain  a  lower  95%  confidence 
estimate  of  the  median  value.  This  is  acc<Mipllshed  by  setting  6  =  0  in  equation 
8.5.4(h)  of  [3]  as  required  by  equation  2.3  of  [2].  Taking  the  lower  95%  confidence 
estimate  of  the  median  of  r  should  result  in  conservative  estimates  of  the  allowables 
for  population  2. 
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INFLUENCE  DES  PERFECTIONNENENTS  DU  CALCUL  DES  STRUCTURES 
SUR  LA  PROCEDURE  DE  QUALIFICATION  DES  AVIONS 
par 

C.PETIAU 

Dassault  Aviation 
78,  Qual  Marcel  Dassault 
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Saint-Cloud 

France 


RESUME 


Nous  examinons  ici  I'influence  que  peuvent  avoir  les  progr§s  accomplis  dans  les  techniques  de 
calcul  sur  la  faqon  de  qualifier  les  structures  d 'avion. 

Nous  passons  en  revue  les  potenti elites,  les  defauts  et  leurs  corrections  possibles,  pour  les 
mgthodes  pratiquees  dans  les  trois  grandes  branches  du  calcul  des  structures  d' avion  : 

-  Calcul  des  contraintes 

-  Determination  des  criteres  de  rupture  en  statique  et  en  fatigue 

-  Calcul  des  charges,  de  I'aeroelasticite  et  du  Flutter. 

II  apparait  qu'au  depart  les  risques  d'erreurs  sont  omnipresents,  aussi  la  procedure  de 
qualification  doit-elle  inclure  obligatoirement  un  processus  fiable  de  detection  et  de  correction  de  ces 
erreurs . 

Nous  presentons  1 'organisation  de  conception  et  qualification  des  structures  mise  en  place  par 
Dassault.  L'analyse  sur  ordinateur  y  prend  certes  une  part  tres  large,  mais  elle  reste  controlee  par  un 
nombre  minimum  d'essais  pertinents. 

Finalement,  i1  apparait  que  les  progr§s  du  calcul  ont  d'abord  permis  de  mieux  optimiser  la 
conception  des  structures,  ils  ont  permis  aussi  de  diminuer  consid§rablement  1e  nombre  et  1e  volume  des 
essais  partiels  et  ils  ont  rgduit  1e  risque  de  rupture  imprevue  lors  des  grands  essais  de  qualification. 
Dependant,  du  fait  principalement  des  risques  d'erreurs  humaines  dans  la  manipulation  des  calculs,  la 
garantie  apport^e  par  ceux-ci  reste  insuffisante  pour  se  permettre  d'Sviter  les  grands  essais  de 
qualification. 


ABSTRACT 


We  examine  the  effects  of  improvements  of  analytical  methods  on  the  process  of  airframe 
qualification. 

We  review  potentialities,  weaknesses  and  corresponding  corrections  for  the  three  main  branches  of 
structural  analysis  of  aircraft  ; 

-  Calculation  of  stress  fields 

-  Determination  of  failure  criteria  in  static  and  in  fatigue 

-  Calculation  of  loads,  aeroelasticity  and  flutte.  . 

Risks  of  errors  are  omnipresent,  so  the  structure  qualification  must  include  a  reliable  process  of 
detection  and  correction  of  errors. 

We  present  the  resulting  organization  of  design  &  qualification  reached  by  Dassault.  Computer 
analysis  take  a  large  place,  while  remaining  controled  via  minimum  number  of  relevant  tests. 

Progresses  of  analytical  methods  have  first  been  profitable  to  design  optimimization,  it  have 
reduced  the  number  of  required  test  and  it  have  also  reduced  the  risk  of  failure  during  the  main 
qualification  tests.  However  the  insufficient  reliability  of  analytical  methods,  mainly  the  risk  of  humain 
mistakes,  requires  to  maintain  the  main  qualification  tests. 


I  -  INTRODUCTION 

Avec  les  progr§s  des  techniques  de  calcul  par  Elements  finis  r§al1s§s  depuis  20  ans,  on  peut 
considirer  qu'il  est  possible  d ' apprfihender  dans  les  moindres  details  les  champs  de  contrainte  de  nos 
structures.  Nous  avons  montrS  A  plusieurs  reprises  (rAf  1)  que  ces  facilites  de  calcul  ont  d§j3  permis  une 
meilleure  optimisation  et  une  diminution  des  aUas  au  niveau  de  la  phase  de  d§ve1oppement  de  nos  cellules. 

II  reste  A  discuter  id  1e  point  de  savoir  si  ces  possibilitAs  de  calcul  conduisent  A  une  amelioration  de 
la  procedure  de  qualification  de  nos  structures,  cette  amelioration  pouvant  se  traduire,  soit  par  une 
meilleure  qualite  de  la  demonstration,  soit  par  une  reduction  du  cout  de  cette  demonstration,  en 
particulier  en  diminuant  1e  nombre  et  la  complexite  des  essais. 

Pour  cela,  faisons  id  un  rapide  parcours  des  potenti elites,  des  faiblesses  et  des  procedures 
correctives  des  methodes  de  calcul  utilisees  dans  les  trois  prindpales  branches  du  calcul  des  avions  : 

*  1e  calcul  des  champs  de  contrainte. 

-  revaluation  des  contraintes -admissibles  en  statique  et  en  fatigue, 

-  les  calculs  des  charges,  de  I'aeroelasticite  et  du  flutter. 

Nous  montrons  qu'au  depart  1e  risque  d'erreurs  est  omnipresent,  et  que  la  strategie  de 
developpement  et  de  qualification  des  structures  doit  obligatoirement  inclure  un  processus  de  detection  et 
de  correction  de  ces  erreurs. 

Nous  exposons  I'organisation  de  conceptlon/qualification  des  structures  A  laquelle  Dassault  est 
arrive  ;  l'analyse  sur  ordinateur  y  prend  une  part  considerable  tout  en  restant  contrdiee  par  un  nombre 
minimal  d'essais  Judicieux. 
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2  -  LE  CALCUL  OES  CHAMPS  DE  CONTRAINTE 

Actuellement  pour  1e  calcul  des  contraintes  statique  et  dynamique  3  basses  frequences,  nous 
recommandons  une  organisation  de  calculs  1mbr1qu§s  les  uns  dans  les  autres  presentee  planche  1  ;  E11e 
comprend  : 

-  Un  model e  general  Elements  Finis  de  1 'avion  complet 

II  sert  de  base  3  la  resolution  de  Thyperstaticite  generale  de  1 'avion,  au  calcul  des  charges,  de 
I'aeroeiastlclte  et  des  vibrations  basse  frequence. 

L'ambitlon  de  ce  modele  est  de  fournir  les  "flux"  d'efforts  Internes  et  non  le  detail  des 
surcontraintes  locales,  sa  tallle  optimale  est  de  30000  3  100000  degres  de  llberte  (exemple  planches  2  et 


-  des  modules  de  detal 1 s  qui  s'lmbriquent  dans  le  modele  general  ou  dans  d'autres  modeies  1nterm6d1a1res 
(voir  planche  4).  Far  une  technique  de  condensation  par  "Super-ei6ments'',  11s  prennent  des  conditions 
aux  llmites  "exactes"  (charges  condensees  et  rigidites)  dans  les  modeies  amonts. 

Citons  quelques  uns  des  plus  typiques  de  ces  calculs  de  details  : 

-  Calculs  dit  "boulon  par  boulons",  avec  des  malllages  en  Elements  de  flexion  d'un  pas  environ 
deux  fols  plus  raffine  que  celul  des  fixations.  Ces  modeies  permettent  d'acceder  directement  aux  efforts 
transmis  par  les  fixations  ;  11s  prennent  en  compte  la  plupart  des  effets  non-11nea1res  geometriques 
(post-flambage,  matelassage  etc...,  voir  planches  5  et  6). 

-  Calculs  de  "point  stress"  dans  les  composites  qui  prennent  leurs  conditions  aux  llmites  dans  les 
precedents  et  generent  les  champs  de  contraintes  locales  autour  des  fixations  (voir  planche  7) 

-  Calculs  de  ferrure  tridimenslonnels  (planche  8)  qui  dolvent  Integrer  la  non-11near1t6  de  contact 
et  de  plasticite. 

Nous  rattachons  les  calculs  de  stablllte  3  la  famllle  des  calculs  de  contrainte.  L'approche  de 
I'analyse  des  charges  critiques  du  flambage  llnealre  est  certes  particuliere,  mals  la  tendance  est  de  ne 
I'utlllser  que  pour  le  prSdlmenslonnement.  Pour  la  justification  fine  de  qualification,  nous  falsons 
aujourd'hul  tr3s  largement  appel  au  calcul  d'equillbre  en  post*flambage  (11  Inclut  la  plasticite  pour  les 
mater 1 aux  m3tal11ques) . 

La  realisation  ordinaire  de  ces  calculs  n'est  possible  que  par  la  d1spon1b111t6  de  logiclels 
ergonomiques  et  blen  rodSs  comme  notre  syst3me  CATIA-ELFINl .  Les  malllages  et  analyses  Elements  Finis  y 
sont  comp13tement  1nt€gr3s  dans  un  syst3me  de  CAO.  Cet  outll  offre  3  la  fols  I'avantage  d'une  complete 
Interactivity  et  celul  de  la  possibility  de  recuperation  des  "historiques"  des  commandes  d'un  calcul,  ce 
qui  permet  d'eiaborer  tres  rapi dement  les  donnees  des  calculs  comportant  des  similitudes.  Ces 
"historiques"  sont  done  une  fagon  de  memorlser  le  savoir  faire,  et  par  13  de  reduire  les  risques  d'erreurs 
dans  les  calculs  u1 ter leurs. 

L' autre  point  essentlel  est  le  fait  que  le  cout  de  tout  ces  calculs  est  devenu  modeste  (mol ns  de 
1'  CPU  sur  IBM  3090  VF  pour  le  calcul  statique  du  modele  general  presente  planche  2). 

Meme  pour  les  calculs  non  llnealres  les  plus  sophlstiques  avec  les  techniques  de  minimisation  du 
potential  eiastlque  biquadratique  par  "Line  Search  Exact"  et  celle  de  la  "plasticite  Impllcite"  (Ref.  2  et 
3),  on  arrive  3  un  cout  de  quelques  fractions  3  quelque  fols  celul  du  premier  calcul  llnealre. 

Sur  le  tableau  1,  nous  resumons,  les  modes  de  defalllance  les  plus  typiques  et  le  processus  de 
corrections  des  differents  elements  de  ces  calculs. 

Nous  donnons  notre  appreciation  de  la  criticite  des  modes  de  defalllance  : 

-  Initlale  (c.a.d.  pour  un  premier  calculi 

-  finale  (c.a.d.  en  appllquant  les  mesures  correctives  et  avec  1 'organisation  de 
conceptlon/quallficatlon  presentee  §5) 

sont  les  sulvantes  : 

Risques  nuls  ou  negllgeables 
Risques  falbles  3  consequence  mlneure 
Risques  d'avoir  3  modifier  les  structures  en  service 
Risques  graves. 


Les  conventions 

0 

* 

** 
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TABLEAU  1 


Criticite 

Modes  de 

Initiale 

Finale 

-  Erreurs  de  theorie 
(souvent  sur  la 
formulation  des  E.F.) 

itifk 

0 

-  Comparaison  solutions 
analytiques 

-  Comparaisons  autres 

Logiciels 

Elements 

-  Erreurs  de  programma- 
tion 

•kitit 

0 

solutions  E.F. 

-  Tests  convergence 

Finis 

-  Modes  d'utilisation 
trop  compliques 

★★★ 

0 

-  Patch  test 

-  verification  des  residus 
de  1 'equilibre 

-  Comparaison  resultats 
d'essais 

-  Utilisation  de  logiciel 
ergonomique 

-  Maillage  insuffisam- 
ment  r affine 

0 

-  Formation  du  personnel 

-  Experience  du  maillage 

-  Type  d'E.F. 
inappropries 

★★★ 

0 

optimal  de  chaque  type 
de  structure 

Mai  1 1  age 
&  autres 

-  Erreurs  charges,  C.L. 
et  toutes  autres 
donnees. 

0 

-  Calcul s  redondants 
(notamment  comparaison 
model e  general  -  Model e 

donnees 

-  Non  representation  de 
la  structure  reelle. 

★★★ 

0 

de  detail) 

-  Comparaisons  aux  resul¬ 
tats  d'essais  (essais 
partiels,  essais 
generaux) 

-  Test  de  convergence 
mathematique. 

-  Ergonomie  des  logiciels 
(maillage,  visualisation 
resultats,  detection 
d'erreurs). 

-  Erreurs  humaines  dans 
les  interpretations 
par  R.D.M. 

** 

* 

-  Formation  des  personnels 

-  Ergonomie  des  logiciels 
de  post-traitement 

Analyses 

des 

resultats 

-  Lissage  des  extremums 
(E.F.  trop  grossiers 
ou  par  1e  logiciel 
de  visualisation) 

** 

★ 

-  Micro  analyse  E.F. 

-  Systeme  I. A.  supportant 

1e  depouil lament 

-  Exigence  de  qualite 

-  Oubli  d'examens  de 
certains  types  des 
contraintes 

-  Impasse  dans  la 
justification. 

★★★ 

* 

★ 

★ 

pour  les  dossiers  de 
justification 
-  Essais  statique  generaux 

A  1 'experience,  nous  n'avons  connu  que  tres  peu  d'erreurs  graves  11§es  purement  aux  fautes  de 
logiciel.  Cela  resuite  vraisemblablement,  avec  notre  systenie  CATIA-ELFINI,  de  1 'application  stricte  des 
r§g1es  de  detection  d'erreurs  citees  plus  haut  et  surtout  de  plus  de  20  ans  d'utilisation  avec  une 
verification  systematique  de  non  regression  i  cheque  version. 

C'est  au  niveau  du  maillage,  de  la  confection  des  donnees  et  de  1' interpretation  des  resultats  que 
I'erreur  humaine  doit  etre  consideree  comme  quasiment  inevitable,  cela  simplement  du  fait  du  nombre  de 
transaction  necessaire  pour  eiaborer  la  serie  de  nombre  par  laquelle  une  structure  est  representee  dans  un 
ordinateur. 

Ce  caractere  inevitable  de  I'erreur  au  niveau  d'un  seui  calcul  doit  etre  corrige  non  seulement  par 
tous  les  moyens  cites  plus  haut  mais  surtout  par  une  organisation  integrant  des  calcul s  et  des  essais  se 
recoupant,  tel  que  nous  la  presentons  §  5. 
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3  -  CONNAISSANCE  DES  CONTRAINTES  ADNISSIBLES 

Beaucoup  d'entre  nous  ont  fait  rexp6r1ence  malheureuse  de  ne  pas  savoir  quol  fa1re  des  champs  de 
contraintes  obtenus  apr6s  un  calcul  E1§raents  Finis  tridimenslonnels  raff1n§. 

En  effet,  avec  les  calculs  11n6a1res  on  obtlent  des  surcontraintes  locales  d§passant  largement  1e 
niveau  th^orlque  de  rupture  alors  qu'elles  sont  6crAtees  en  fait  par  la  plasticity. 

En  fatigue  avec  la  possibility  de  calculer  des  formes  complexes,  on  ne  dispose  plus  des  ryfyrences 
classiques  (courbe  de  Wohler),  car  elles  font  Intervenir  le  coefficient  concentration  de  contrainte  Kt  qui 
n'est  plus  dyfinl. 

Par  extension,  nous  assimllons  les  calculs  de  toiyrance  aux  dommages  a  la  connalssance  des 
contraintes  admissibles.  Les  dyfauts  de  prydslons  de  1 ‘analyse  de  I'lnltlatlon  des  fissures  sont 
d'allleurs  pour  partle  responsable  de  I'lntyret  pour  les  mythodes  de  toiyrances  aux  dommages,  le  calcul  de 
1a  propagation  des  fissures  en  fatigue  ytant  globalement  mieux  maltrlsy  que  celul  de  leur  Initiation. 

(voir  ryf.4  et  PI .9) . 

Avec  les  matyriaux  composites  ce  qui  pose  probiyme  c'est  ('extreme  sensibility  du  critere  de 
rupture  a  la  configuration  locale  (proportion,  empllements  et  direction  des  plls,  diamytre  des  trous  de 
fixation,  type  de  fixation,  matage,  etc _ ). 

'analyse  des  modes  de  defalllances  et  des  procydures  correctives  est  la  sulvante  : 

TABLEAU  2 


Types  de  dyfall lance 

Cri  ti  city 

Mode  de 

dytecti on/correcti on 

Initlale 

Finale 

Critere 

-  Non  prise  en  compte 

* 

0 

-  Calcul  avec  plasticity 

de 

de  la  plasticity 

-  Identification  rhAologle 

rupture 

•  Myconnalssance  des 

*** 

matyri au 

statique 

caractyristiques 

-  Essals  yprouvette 

des 

matyriaux  et  des 

yiymentaire  reprAsen- 

mytalllques 

lols  rhyologiques 

tative. 

-  Difficulty  liye  4  la 

mniii 

-  (Calcul  E.F.  avec 

notion  de  Kt 

plasticity  et  cyclage) 

-  Non  validity  de  la 

•kit 

-  Dimenslonnement 

rygle  de  Miner 

conservatif 

(spectre  complexe) 

-  Essals  partlels 

Crityre  de 

-  Oyfaut  de  reprysen- 

* 

reprAsentatlfs 

rupture  en 

tatlon  thyorique  des 

(configuration  et 

fatigue 

phynomynes  complexes 

spectre  de  charge). 

(Initiation 

(ytat  de  surface. 

-  Essals  de  fatigue 

de  fissure) 

fretting,  corrosion. 

gAnArale 

etc. . . ) 

-  Inspection  en  service 

-  Dispersion  matyriaux 

*★* 

* 

myconnalssance  des 

caractyristiques. 

-  De  fagon  gynyrale. 

*♦ 

difficulty  4  extra- 

poler  les  donnyes 

expyrimentales 

disponibles  vers  le 

cas  envisagy. 

-  ExtrAme  complexity 

*** 

HHgHH 

-  VArlficatlon  systAma- 

des  cri tyres  de 

tlque  de  la  conserva- 

Crityre  de 

rupture  (surtout  en 

tivlty  des  cri tyres  de 

rupture 

zone  de  fixation) 

rupture. 

statique 

-  Difficulty  des 

0 

-  Essals  statique 

des 

analyses  de  tolArance 

partlel  des  zones 

composites 

aux  dommages 

complexes 

-  Essals  statique 

gAnAral  avec  dommage 

-  Dimenslonnement  pour 

rAparablllty. 
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TABLEAU  2  (suite) 


Criticitg 

Mode  de 

Initiale 

Finale 

-  Mauvaise  prgdiction 
propagation  des 
petites  fissures 

* 

0 

-  Dimens ionnement  conser¬ 
vatif  en  tolgrance  au 
dommage 

Propagation 

de 

fissure 

-  Mauvaise  modglisation 
des  propagations  en 
spectre  complexe 

* 

0 

-  Identification  des 
vitesses  de  propagation 
avec  spectre  rgel. 

mgtallique 

Tolgrances 

-  Difficultg  d'esti- 
mation  des  longeurs 
critiques 

** 

0 

-  Essais  de  fatigue 
partiel 

-  Essais  de  fatigue 

aux 

dommages 

-  Diagnostique  d' arret 
de  propagation  des 
fissures  "explosives" 

•klt'k 

0 

globale 

-  Essais  spgcifiques  de 
tolgrance  aux  dommages 
(sur  CES,  CEF,  et/ou 
gprouvettes  spgciales) 

-  Inspection  en  service 

Pour  1es  matArlaux  ni§ta111ques,  1e  dlmensionnement  statique  3  partir  des  contraintes  ca1cu1§es  par 
Elements  Finis  ne  pose  souvent  pas  de  probldme  de  sScuriti,  cela  resuite  du  fait  que  les  calculs  lineaires 
surestiment  les  contraintes. 

Dans  tous  les  cas,  1a  garantie  de  qualification  est  assur§e  par  1'essai  statique  g§nera1. 

La  justification  en  Fatigue  reste  par  centre  dominee  par  I'empyrisme  ;  la  d§iiionstration  est 
essentiellement  fond§e  sur  des  essais,  1e  calcul  sert  pour  1 'essential  3  Justifier  la  validite  des 
conditions  aux  Umites  ou  la  conservativitA  des  essais. 

Les  methodes  de  calcul  de  1 'initiation  des  fissures  bas§es  sur  I'historique  riel  des  contraintes 
en  tenant  compte  des  3crou1ssages  plastiques  locaux,  sont  certes  prometteuses ,  mais  elles  ne  sont  pas 
encore  aujourd'hui  suff 1 samment  rodges  pour  fonder  une  qualification. 

En  fatigue,  malgrg  Vappllcation  de  1a  procedure  expgrimentale  i1  reste  certains  algas,  ils  sont 
dus  pour  I'essentiel  aux  diffgrences  possibles  entre  les  structures  essayges  et  les  cellules  en  service 
(en  dehors  des  problgmes  de  connaissance  des  charges  gvoqugs  §4). 

Pour  les  composites,  la  situation  n'a  pu  gtre  dominge  qu'avec  I'utilisation  de  critgres 
semi-empyrique  type  "point  stress"  qui  3  dgfaut  d'un  fondement  physique  rigoureux,  prgsentent  I'avantage 
de  donner  une  influence  aux  principaux  paramgtres  (nappage,  diamgtre  fixation,  matage,  etc...}  ;  I'idle 
directrice  est  d'ajuster  systgmatiquement  les  paramgtres  du  critgre  de  fagon  3  etre  conservatif  sur 
I'ensemble  des  essais  disponibles. 

Par  ailleurs,  toutes  les  situations  complexes  font  1'objet  d'essais  partiels  (dont  les  C.L.  sont 
vgrifiges  par  calcul).  Un  essai  statique  ggngral  est  de  rigueur  (induant  les  effets  de  tolgrance  aux 
dommages  si  ngcessaire). 

4  -  CHARGES,  AEROELASTICITE,  FLUTTER 

Les  calculs  de  contraintes  et  de  durge  de  vie  exposgs  prgcgdemment  n'ont  de  sens  que  si  on  connait 
les  charges  appliquges  sur  les  avions. 

Ces  dernigres  rgsultent  principalement  : 

-  des  manoeuvres  effectuges 

-  de  la  turbulence  atmosphgrique  rencontrge  (avion  civil) 

-  des  charges  de  pression  agrodynamique 

-  des  rgpartitions  de  masse. 

Actuellement,  nous  dismsons  dans  notre  systgme  CATIA-ELFINI  d'une  branche  Agroglasticitg 
.prgsentge  en  dgtail  3  1'AGARi)  dans  la  rgfgrence  5)  couplant  directement  1es  calculs  d' agrodynamique 
stationnaire  et  instationnaire  avec  1e  calcul  de  structure  par  Elgments  Finis  ;  cet  outil  fournit 
principalement  : 

-  Les  coefficients  agro()ynamiques  avion  souple, 

-  Les  calculs  de  vitesse  critique  de  divergence  statique  et  de  flutter 

-  Le  calcul  de  rgponse  structural  en  manoeuvre  et  8  la  turbulence 

-  Les  cas  de  charges  "enveloppes". 
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Le  logiciel  donne  un  grand  nombre  de  possibility  de  recalage  des  champs  de  presslon  ayrodynamique 
sur  les  rysultats  de  soufflerle  ou  sur  le  vol  (ryfyrence  6). 

L'analyse  des  principaux  modes  de  dyfalllance  est  la  sulvante  : 


TABLEAU  3 


Criticity 

Mode  de 

Initlale 

Finale 

Logiciel 

-  Limitation  de  la 
validity  des  calculs 
ayrodynamiques 
(transsonique, 
ecoulements  decoliys 
etc. . . ) 

ifkic 

* 

-  Calibration  des  calculs 
ayro.  sur  soufflerle 

en  vol 

-  Augmentation  des  marges 
de  calcul 

& 

thyorle 

-  Non  llnyarlte  servo 
commande  mal 
reprysentye 

** 

* 

-  Simulation  avec  non 
llnyarlte  mycanique 

-  Ouverture  progressive 

-  Linyarlsatlon  abusive 

** 

* 

du  domalne  de  vol 

-  Mode  d' utilisation 
trop  compllquy, 
manque  de  test 
d'erreur 

0 

-  Ergonomie  du  logiciel, 
test  de  validity 

-  Mai  11  age  aerodynaml- 
que  Inappropriy 

0 

-  Formation  des  personnels 

-  utilisation  de  procy- 

Procydure 
de  calcul 

-  Effet  de  troncature 
de  base 

** 

0 

dures  de  calcul 
reconnues 

& 

donnyes 

-  Mauvals  llssage  des 
formes  ayrodynamiques 

*** 

0 

-  Comparalson  soufflerle 

-  Etude  de  convergences 

ayrolastl- 

city 

-  Erreur  sur  les 
repartitions  de  masse 

** 

0 

-  Utilisation  d'une  "base 
de  charges"  (ryf.5) 

-  Calcul  alternatif 

-  Recalage  du  modyie 

sur  essals  de  vibrations 

-  '‘seal age  sur  le  vol 

Solllcita 

-  Normalisation  des 
manoeuvres  dimen¬ 
slonnantes 

** 

0 

-  Maintlen  de  I'avlon  dans 
son  domalne  de 
"rysl stance  llmite" 

tion  3 
considyrer 

-  Reconnaissance  du 
spectre  d' utilisation 
de  I'avlon  3  priori 

** 

* 

par  CDVE  (ryf.7) 

-  Utilisation  fatlguemytre 

-  Pertinence  pour  le  choix 

-  Incertitude  des 
modyies  de  turbulence 

It* 

? 

du  modyie  de  turbulence. 

La  plus  grosse  difficulty  du  calcul  des  charges  vient  de  I'ayrodynamlque,  cela  spydalement  dans 
le  domalne  transsonique  ;  11  faut  admettre  que  les  calculs  d'aujourd'hul,  mime  menys  de  fagon 
conservative,  n'intervlennent  que  dans  la  diminution  du  risque  programmatique.  La  qualification  pour  les 
charges  n'est  acquise  qu'avec  le  recalage  du  modyie  sur  les  essals  en  vol.  Nous  avons  dyveloppy  des 
procldures  sophlstiquyes  prysenty  3  I'AGARD  dans  la  ryfyrence  6. 

Pour  les  avions  mllltalres  3  commande  de  vol  yiectrique  (COVE),  nous  avons  montry  3  I'AGARD 
(ryf.7)  que  la  dyfinitlon  de  manoeuvres  dimenslonnantes  "normal  1  sables"  ytalt  quasiment  Impossible,  et 
qu'on  pouvalt  avantageusement  remplacer  cette  notion  par  celle  d'enveloppe  de  rAsIstance  llmite  de  la 
structure  dans  lequel  I'avlon  est  maintenue  par  les  COVE  quol  que  fasse  le  pHote  ;  nous  avons  monty  que 
nous  pouvions  en  faire  une  dymonstratlon  rigoureuse,  3  partir  du  moment  ou  le  modyie  ayroyiastique  de 
I'avlon  est  callbry  sur  les  essals  en  vol. 

Pour  la  turbulence  qui  est  un  yvynement  extyrieur  Indypendant  de  I'avlon  et  du  pilotage,  on  ne 
peut  que  rester  dans  le  cadre  des  modyies  normallsys,  avec  la  grosse  diffllculty  qu'lls  correspondent  3 
des  situations  Impossibles  3  rencontrer  en  essals  en  vol.  II  faut  done  faire  conflance  au  modAle  de  calcul 
qui  dolt  ytre  valldy  Indlrectement  (essals  de  vibration.  Identification  de  fonctlon  de  transfert  8  la 
turbulence  mesurye  en  vol,  ryponse  de  Jauge  de  contrainte  en  manoeuvre,  etc...). 

Les  Inconnues  sur  1' utilisation  ryelle  de  I'avlon  au  moment  de  sa  conception  sont  des  facteurs 
d'incertitude  yvidents  pour  1'yvaluatlon  de  la  durye  de  vie.  Cela  nous  amyne  3  pryconiser  1 'usage 
systynatique  de  fatlguemytre  sur  tout  ou  partle  des  avions  en  service  et  yventuellement  de  refaire  des 
essals  de  fatigue  pour  pouvoir  prolonger  des  cellules  anclennes  (voir  $  5). 
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5  -  INSERTION  DE  LA  DEMONSTRATION  DE  QUALIFICATION  DANS  LE  PROCESSUS  DE  CONCEPTION 

Un  compromls  entre  les  considerations  de  qualification  precedentes,  les  1mp§rat1fs  de  conception 
optlmale,  de  d§1a1s  et  de  cout  nous  a  conduit  S  1 'organisation  sulvante  : 


Les  points  clef  de  1a  validation  des  modules  et  de  la  qualification  sont  les  sulvants  : 


ler  point  -  Essals  partlels 


11s  concernent  principalement  la  determination  des  contraintes  admissibles  dans  les  pieces 
complexes  (en  fatigue  pour  les  metal llques,  en  statique  pour  les  composites). 


En  s'appuyant  sur  des  modeies  de  calcul  E.F.  detallies,  on  peut  i  la  fols  simplifier  notablement 
les  eprouvettes  et  ajuster  exactement  les  conditions  aux  llmites  pour  representer  au  mieux  la 
configuration  visee. 
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2§me  point  -  Essais  de  calibration  des  jauges  de  contrainte  du  prototype 

Les  charges  subies  par  1 'avion  sont  identifiees  (voir  ref. 6)  au  travers  de  la  rSponse  en 
contrainte  de  1 'avion  tnesuree  en  vol  par  des  jauges. 

II  importe  done  absolument  de  valider  le  modele  Elements  Finis  de  1 'avion  qui  fournit  I'opSrateur 
charges  appliquees-contraintes. 

Pour  cela,  on  soumet  au  sol  le  prototype  a  plusieurs  dizaines  de  chargement  unitaire  ;  on  effectue 
ensuite  la  correlation  entre  contraintes  mesurees  et  contraintes  calcul§es  cela  pour  tous  les  chargements. 
L'experience  nous  montre  que  cette  correlation  est  genSralement  assez  bonne  meme  avec  le  premier  mod§le, 
et  devient  excel lente  quand  tous  les  defauts  sont  corrig§s. 

3eme  point  -  Essais  de  vibration  au  sol 

Les  mesures  directes  des  caracteristiques  modales  permettent  la  validation  du  module  dynamique  de 
I'avion.  La  correlation  est  tres  souvent  bonne  meme  avec  le  module  initial,  nous  disposons  de  toute  fagon 
d'une  methode  tres  efficace  de  calibration  automatique  du  modele  E.F.  sur  les  resultats  d'essais  de 
vibration  (sous  produit  des  techniques  d 'optimisation). 

Remarques  importantes  : 

Nous  considerons  la  correlation  de  I'essai  de  vibration  et  celle  des  r§ponses  des  jauges  mesuree 
avec  les  calculs  sous  differents  chargements  statiques  comme  les  meilleurs  arguments  de  la  validation  du 
module  Elements  Finis  statique  et  dynamique. 

4eme  point  -  Essais  en  vol 

Ils  permettent  la  calibration  simultande  des  modules  de  m§canique  du  vol,  de  charges  et 
d'aeroe.lasticite,  a  partir  de  la  reponse  mesurge  en  vol  des  parametres  de  vol  et  des  jauges  de 
contraintes. 

Nous  avons  presente  la  methode  en  detail  que  nous  utilisons  dans  la  rgf.6.  Les  influences  de 
cheque  effet  aerodynamique  unitaire  sont  identifiees  g  partir  des  rgponses  sur  des  manoeuvres 
d'oscillation  de  tangage  et  de  roulis  a  frequences  variables  dites  "stimulus".  Une  technique 
d'identification  mathematique  permet  ensuite  de  proceder  directement  au  recalage  des  champs  de  pression. 

Les  essais  en  vol  qualifient  aussi  les  opgrateurs  de  "surveillance"  des  contraintes  structurales 
par  le  systgme  de  commande  de  vol  Slectrique. 

SSme  point  -  La  cellule  d'essais  mdeanique 


C'est  a  ce  niveau  que  1 'influence  des  possibilitgs  de  calcul  actuelles  se  conergtise. 

Nous  pensons  qu'il  est  possible  sur  la  meme  cellule  de  proceder  success! vement  3  un  essai  de 

fatigue  (environ  2  vies)  et  un  essai  statique  menSs  a  charge  extr&ne  puis  3  rupture. 

L'idee  directrice  est  que  nous  ne  pouvons  pas  abandonner  ces  types  d'essais,  car  nous  ne  pouvons 

pas  garantir  qu'aucune  faute  de  dessin  ne  passe  nos  filtres  d'analyses  et  d'essais  partiels.  Cependant, 

nos  provisions  de  calcul  sont  suffisamment  bonne  pour  que  le  risque  de  retard  de  I'essai  statique  du  fait 
de  dgfaillance  en  fatigue  soit  trSs  faible  (par  example  les  essais  statique  et  de  fatigue  du  Mirage  2000 
et  du  Rafale  A  se  sont  dOroules  sans  incidents  serieux). 

seme  point  -  Charges  en  service 

L'expOrience  nous  a  montrO,  surtout  pour  les  avions  militaires,  que  I'utilisation  de  I'avion 

pouvait  §tre  diffOrente  de  celle  qui  Otait  prgvue  lors  de  la  conception.  C'est  pourquoi,  il  est  utile 

d'identifier  assez  finement  les  charges  en  service  3  I'aide  de  fatigueiiigtres.  Ceci  devient  encore  plus 
nOcessaire  si  le  client  demande  la  prolongation  des  cellules  au  de13  de  la  vie  prgvue. 

7gme  point  -  Oeuxigme  essai  de  fatigue 

Cette  idge  rgsulte  du  fait  qu'on  peut  quelquefois  mettre  en  cause  la  qualitg  de  I'essai  de  fatigue 
effectug  en  dObut  de  programme,  cela  pour  deux  raisons  principales  : 

-  Le  spectre  d'utllisation  n'gtait  pas  encore  blen  connu, 

-  II  y  a  toujours  un  certain  nombre  de  modification  des  cellules  les  premigres  annges  de 
production,  qui  font  que  I'avion  de  sgrie  tend  3  ne  plus  devenir  tout  3  fait  conforme  3  la  CEF. 

II  en  rgsulte  un  intgrgt  3  effectuer  un  essai  de  fatigue  quelques  annges  aprgs  la  mise  en  service 
de  I'avion. 

Avec  cette  politique,  les  premigres  annges  restent  garanties  par  le  ler  essai  de  fatigue  sur  la 
cellule  d'essais  mgeaniques. 
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6  -  CONCLUSION 

Les  progrgs  des  mSthode  de  calcul  servant  prlncipalement  S  I'optlinlsatlon  des  structures  et  3 
fmlnuer  les  risques  de  surcout  et  de  retard  du  programme  resultant  de  deral i i ances  pendant  les  essals  de 
qualification. 

La  flablllte  des  calculs  n'est  pas  encore  suf f 1 sanment  totale  pour  6v1ter  d'avoir  3  pratiquer  les 
grands  essals  de  qualification  (essal  statique  g3n3ra1,  essal  de  fatigue  g§n3ra1). 

Les  causes  les  plus  remarquabl es  de  ce  relatif  manque  de  conflance  dans  les  calculs  sont  les 
sulvantes  : 

-  Un  certain  d§faut  de  precision  des  criteres  de  rupture, 

-  Les  difficultes  des  calculs  d'aeroe1ast1c1t§  en  transsonlque, 
et  surtout  : 

-  Les  risques  d'erreur  humalne  de  toutes  sortes  dans  les  calculs  notamnient  lors  de  1 'Elaboration 
des  donnEes  et  de  r interpretation  des  resultats. 
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GENERAL  F.E.  MESH  DELIVERS  PROPER  B.C. 
TO  SECTION  PARTNERS  VIA  S.E.  TECHNICS 


PLATE  4 


Rcfintd  local  analysis 
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POST-BUCKLING  ANALYSIS  OF  A  CURVED  CARBON  EPOXY  PANEL 
(TEST  ON  FUSELAGE  PANEL  OF  COMBAT  AIRCRAFT) 


-  RLflTL.6  - 


AUTOMATIC  POINT  STRESS"  ANALYSIS 
AFTER  "BOLT  BY  BOLT"  ANALYSIS 


^^STRUCTUR^ 


PLATE  7  - 
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FITTING  TRIDIMENTIONAL  ANALYSIS 
~  PLATE  8  - 


a\\ 


4  .B.I 


TRIDIMENTIONAL  ANALYSIS  OF  CRACK  PROPAGATION 


-  PLATE  9  - 
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ANALYTICAL  METHODS  FOR  THE  QUALIFICATION 
OF  HELICOPTER  STRUCTURES 

by 

F.Och 

Messerschmitt-BOlkow-Blohm  QmbH 
Postfach  80  11  40 
8000  MUnchen  80.  Germany 


SUMMARY 

Analytical  methods  are  more  and  more  becoming  the  primary  means  of  demonstrating  structural  inte¬ 
grity,  durability,  and  crashworthiness  of  helicopter  structures,  both  for  civil  and  military  use,  as  the 
costs  of  experimental  testing  are  increasing,  when  representative  conditions  of,  e.g.,  temperature,  moisture, 
cyclic  loading,  and  impact  have  to  be  considered. 

At  MBB,  the  airframes  of  derivatives  of  the  basic  BO  105  have  been  qualified  in  the  past  without  re¬ 
testing.  as  it  could  be  shown  that  the  structure  conformed  to  those  for  which  experience  has  shown  the 

structural  analysis  to  be  reliable. 

During  the  development  of  a  composite  fuselage  for  the  BK  117,  both  an  analytical  and  an  experimental 

strength  substantiation  was  performed,  which  corresponded  very  well  and  formed  the  basis  for  airworthiness 

qualification  of  this  experimental  helicopter  under  flight  testing  now. 

A  large  number  of  components  in  the  dynamic  system  are  designed  primarily  so  that  they  will  provide 
adequate  fatigue  strength,  defined  in  terms  of  an  endurance  limit,  or  in  terms  of  fatigue  life.  The  ana¬ 
lytical  qualification  of  these  fatigue  critical  structures,  on  the  basis  of  measured  fatigue  loadings  and 
calculated  working  S-N  curves,  is  state  of  the  art  in  the  helicopter  industry. 

In  the  nonlinear  domain,  analytical  methods  have  been  applied  for  highly  laminated  elastomeric 
bearings  and  for  the  crashworthiness  qualification  of  both  crushable  subcomponents  and  complete  helicopters. 

The  results  gained  so  far  allow  the  application  of  analytical  methods,  partly  in  combination  with 
coupon  or  component  testing,  for  the  qualification  of  helicopter  structures. 


1.  INTRODUCTION 

The  objective  of  the  structural  qualification  is  to  assure  and  to  demonstrate  that  the  helicopter  has 
adequate  structural  strength,  durability  and  safety. 

Helicopter  structures,  both  for  civil  and  military  use,  have  to  be  qualified  with  respect  to  air¬ 
worthiness  standards,  which  prescribe  the  stiffness  and  strength  to  be  provided  in  the  rotorcraft  as  a 
whole  and  in  its  components. 

Since  the  potential  for  accidents  of  military  helicopters  is  great,  due  to  their  mission  and  the  en¬ 
vironment  in  which  they  must  accomplish  that  mission,  crashworthiness  requirements  must  be  fulfilled  as 
well. 


Without  doubt,  full  scale  tests  with  series  production  components  under  realistic  loading  and  en¬ 
vironmental  conditions  can  be  regarded  to  be  best  suited  of  demonstrating  compliance  with  the  mandatory 
design  requirements.  Structural  tests,  however,  are  expensive  and  the  cost  of  experimental  testing  is  even 
increasing,  when  representative  conditions  of  temperature,  moisture,  cyclic  loading,  and  impact  have  to  be 
considered;  therefore  analytical  methods  are  more  and  more  becoming  the  primary  means  of  demonstrating 
structural  integrity  and  crashworthiness.  The  analytical  predictions  for  stiffness,  stress,  and  deformation 
are  validated  by  structural  tests  on  coupons  or  components. 

As  finite  element  analysis  has  become  both  cost  effective  and  easy-to-use  in  linear  as  well  as  in 
nonlinear  applications,  this  tool  can  be  regarded  as  state  of  the  art  not' only  in  the  project  and  design 
stage,  but  also  in  the  qualification  phase  of  helicopter  structures. 


2.  AIRWORTHINESS  QUALIFICATION 

Airworthiness  qualification  of  a  new  model  helicopter  is  dependent  upon  demonstration  of  compliance 
with  specific  design  requirements  and  airworthiness  standards.  Since  many  requirements  are  applicable  to 
individual  subsystems  of  the  helicopter,  it  is  appropriate  that  the  adequacy  of  the  major  subsystems  be 
demonstrated  individually.  Many  individual  components  used  in  such  subsystems,  however,  must  be  qualified 
separately  in  addition  to  being  qualified  in  the  subsystem  Installation.  The  methods  of  qualification  vary 
greatly  since  the  requirements  differ  significantly  among  subsystems  and  components. 

The  airframe  structure,  e.g.,  is  subject  mainly  to  static  loads,  where  yielding  generally  is  not  per 
mitted  at  limit  load  and  a  positive  margin  against  ultimate  load  is  to  be  maintained. 

A  large  number  of  helicopter  components,  as  found,  e.g.,  in  the  dynamic  system,  are  subject  to  oscil 
latory  or  repeated  loadings  of  sufficient  magnitude  and  frequency  that  fatigue  rather  than  static  strength 
is  the  critical  structural  design  consideration. 
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2.1  Airframe  Structure 


The  basic  airframe  structure  is  loaded,  in  general,  by  a  complex  system  of  external  loads,  e.g., 
rotor  loads  that  are  reacted  by  the  inertia  of  the  helicopter  and  its  contents.  The  internal  member  loads 
generally  are  distributed  among  redundant  load  paths  in  a  manner  dependent  upon  the  relative  stiffnesses 
of  the  various  load  paths. 

Fatigue  considerations  usually  are  less  significant  for  airframes  than  for  dynamic  components.  When  the 
vibratory  loads, transmitted  to  the  airframe, are  reduced  to  the  levels  necessary  for  pilot  comfort,  the 
fatigue  stresses  are  at  a  level  where  good  design,  proper  material  selection,  and  sufficient  fabrication 
quality  will  result  in  an  adequate  fatigue  life.  Also,  except  at  the  major  load  application  points,  the 
airframe  is  sufficiently  redundant  to  provide  a  reasonable  amount  of  fail-safety  should  a  fatigue  crack 
develop.  Steady  stress  levels  also  are  lower  in  the  airframe  structure  than  in  dynamic  system  components 
because  most  of  the  structure  is  critical  for  elastic  stability  rather  than  for  material  strength. 

For  airframe  structures,  both  made  of  metals  and  composites,  the  overall  approach  for  structural 
analysis  is  essentially  the  same.  Finite  element  methods  are  used  to  calculate  the  load  paths  as  well  as 
the  distribution  and  magnitude  of  the  field  stress  or  strain  within  the  main  structural  components  of  an 
airframe.  Normally  a  fully  three-dimensional  analysis  of  the  structure  is  necessary,  due  to  the  fact  that 
helicopters  with  their  large  fuselage  cut-outs  often  are  asymmetric  and  are  subject  to  asymmetric  loading. 
Traditional  methods  are  used  to  analyze  local  regions  of  concentrated  loadings,  as  e.g.,  joints,  lugs, 
and  cross-section  changes. 

If  once  the  analytically  predicted  load  paths,  local  strengths  and  failure  modes  have  been  verified 
by  structural  testing,  it  is  common  practice  and  an  accepted  means  to  qualify  the  airframe  structure  by 
analytical  methods  only,  if  the  helicopter  is  modified  subsequently. 

At  MBB,  the  BO  105  CBS  and  BO  105  LS,  both  of  them  derived  from  the  basic  version  BO  105  CB,  have  thus 
been  qualified  without  retesting.  The  BO  105  CBS  is  a  slightly  stretched  version  and  the  BO  105  LS  addi¬ 
tionally  has  a  higher  gross  weight  and  increased  engine  power. 


BO105CB 


Figure  1.  BO  105  Familiy 


The  finite  element  method  can  be  regarded  as  state  of  the  art  to  be  used  for  structural  analysis  of 
helicopter  airframes.  Already  at  the  project  stage  comparative  analyses  with  varying  designs  can  be  carried 
out  very  rapidly  to  fix  the  design.  In  the  following  design  phase  structural  optimization  can  be  achieved 
to  a  certain  degree,  supported  by  design  development  tests  to  validate  the  basic  design  concepts,  material 
selection,  and  critical  or  new  configuration  details.  Finally,  the  Integrity  of  an  airframe  structure  can 
be  validated  by  establishing  the  minimum  margins  of  safety  in  the  different  structural  components  for  all 
critical  loading  conditions  under  consideration  of  the  respective  allowables. 
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A  composite  airframe  programme  was  started  at  MSB  in  1985  to  design,  manufacture,  and  flight  test  a 
composite  helicopter  fuselage  on  the  basis  of  a  BK  117  [1].  The  complete  primary  fuselage  structure  below 
the  engine/transmission  deck  is  substituted,  as  shown  in  Figure  2. 


Figure  2.  BK  117  Composite  Airframe 

The  resulting  composite  fuselage  is  75  per  cent  carbon  fibre  composite,  because  of  its  high  strength 
and  stiffness,  for  monolithic  frames  and  beams  as  well  as  for  highly  loaded  sandwich  panels  in  the  subfloor 
structure  in  combination  with  aramid  fibre  composite  to  improve  the  crash  impact  behaviour.  Aramid  fibre 
composite  is  also  used  in  low  loaded  sandwich  panels. 

Based  on  a  three-dimensional  finite  element  model  which  was  available  from  the  metallic  fuselage,  an 
Internal  load  analysis  was  carried  through  after  the  model  had  been  updated  and  the  composite  relevant 
properties  had  been  introduced.  The  difference  between  the  metallic  and  the  composite  fuselage  is  mainly 
the  different  design  concept,  where  the  sheet/stringer  panels  are  replaced  by  composite  sandwich  panels, 
and  the  anisotropic  material  behaviour  of  the  composites  as  compared  with  the  isotropic  behaviour  of  metals. 
The  complete  finite  element  model  consisted  of  about  2000  structural  nodes  and  more  than  4000  elements,  as 
shown  in  Figure  3.  A  linear  analysis  was  conducted  with  NASTRAN. 


The  analysis  showed  that  the  pullup  manoeuvre  to  3.5  g  is  critical  for  the  forward  fuselage  and  the 
level  landing  with  drag  is  critical  for  the  rearward  part. 

Based  on  the  internal  load  analysis,  structural  adequacy  was  substantiated  by  comparing  the  critical 
stresses  or  strains,  computed  for  each  structural  component  against  the  relevant  allowables,  where  the 
following  parameters  are  of  importance: 

-  fibre  constituency, 

-  resin  formulation  and  cure 

-  fibre  alignment  and  distribution  within  a  ply, 

-  fibre  to  matrix  volume  fraction, 

-  ply  orientation  and  stacking  sequence  within  the  laminate, 

-  section  geometry  and 

-  environmental  condition. 

Besides  values  taken  from  literature,  material  properties  and  design  allowables  were  established  by 
conducting  a  test  programme  that  comprised  about  800  coupons,  including  rivet  Joints, tested  at  different 
environmental  conditions. 

The  following  criteria  have  been  considered  for  the  determination  of  individual  margins  of  safety: 

-  no  first  ply  matrix  failure  up  to  limit  load, 

-  no  first  ply  fibre  failure  up  to  ultimate  load, 

-  6  mm/m  maximum  tensile  strain  at  ultimate  load, 

-  4  mm/m  maximum  compressive  strain  at  ultimate  load, 

-  no  local  instabilities  up  to  ultimate  load, 

-  no  global  instabilities  of  sandwich  panels  up  to  ultimate  load. 
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In  cooperation  with  lABG  in  Ottobrunn,  an  experimental  strength  substantiation  was  carried  out  to  verify 
the  airworthiness  of  the  airframe,  but  also  to  validate  the  applied  analytical  tools  by  comparing  calcula¬ 
ted  values  with  measured  results.  Tests  have  been  conducted  on  component  as  well  as  on  complete  airframe 
level. 

The  component  consisted  of  the  right-hand  composite  side  shell,  as  shown  in  Figure  4,  and  a  part  of  the 
original  metallic  engine/transmission  deck  as  well  as  of  a  dummy  subfloor  structure. 


Figure  4.  Side  Shell  Test  Component  in  BK  117  Airframe 


To  simulate  realistic  boundary  conditions,  the  dummy  subfloor  structure  was  attached  to  a  test  fixture 
and  the  engine/transmission  deck  was  supported  at  each  frame  by  a  pair  of  struts.  The  loads  were  applied 
on  the  original  load  application  points  of  the  engine/transmission  deck  and  the  rear  landing  gear.  A  sche¬ 
matic  view  of  the  test  set-up  is  shown  in  Figure  5  [2]. 


Figure  5.  BK  117  Composite  Side  Shell  Test  Set-Up 


The  side  shell  component  was  analyzed  and  tested  under  the  following  loading  conditions: 


-  pullup  to  3.5  g, 

-  level  landing  with  drag, 

-  shear  in  the  sandwich  panel  and 

-  compression  in  the  rear  landing  gear  frame. 


A  comparison  of  calculated  and  measured  strains  of  the  landing  load  case  at  limit  load  and  room  tem¬ 
perature  in  the  oblique  frame,  as  the  highest  loaded  member,  can  be  seen  in  Figure  6  and  shows  a  sufficiently 
good  conformity. 


Figure  6.  Measured  and  Calculated  Strains  in  the  BK  117  Composite  Side  Shell 
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After  tests-up  to  limit  load  at  room  temperature  without  any  failure  or  unusual  behaviour,  the  com¬ 
ponent  was  tested  at  70®C.  The  following  failure  modes  were  observed  (Figure  7): 

-  in  the  flight  load  case  the  front  frame  failed  at  155%  limit  load  in  the  connection  to  the 
subfloor  structure  (failure  1), 

-  in  the  landing  load  case  the  oblique  frame  failed  at  200%  limit  load  in  the  middle  between 
subfloor  structure  and  rear  frame  (failure  2), 

-  in  the  shear  load  case  the  sandwich  panel  buckled  between  the  window  and  the  rear  landing 
gear  frame  with  subsequent  local  delaminations  at  200%  limit  load  (failure  3), 

-  in  the  compression  load  case  the  rear  landing  gear  frame  failed  at  220%  limit  load  near  the 
connection  to  the  englne/transmlsslon  deck  (failure  4). 


The  component  test  showed  that  the  analytical  tools,  used  for  sizing  of  the  individual  structural 
members,  are  able  to  predict  local  stress  and  strain  levels  with  sufficient  accuracy. 


FAILURE  2 


Figure  7.  Failure  Modes  in  the  BK  117  Composite  Side  Shell 


The  complete  airframe  consisted  of  the  fuselage  as  well  as  of  the  original  metallic  tailboom  with 
empennage  and  a  dummy  landing  gear  for  load  application  purpose.  The  primary  structure  of  the  fuselage 
comprises  the  cockpit  without  windshields,  the  side  shells,  and  the  subfloor  structure,  all  made  of  com¬ 
posites,  as  well  as  the  original  metallic  floor  and  the  englne/transmisslon  deck,  where  dummies  of  the 
hydraulics,  the  transmission  and  the  engines  were  attached  for  realistic  load  application,  as  shown  in 
Figure  8. 


Figure  8.  Complete  Airframe  Test  Component 


The  airframe,  which  was  slightly  reinforced  in  the  area  where  the  previously  tested  side  shell  failed 
first,  was  tested  at  room  temperature  under  the  two  critical  loading  conditions  up  to  150%  limit  load  with¬ 
out  any  failure  or  unusual  behaviour.  The  test  set-up  is  shown  in  Figure  9. 
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Figure  9.  BK  117  Composite  Airframe  Test  Set-Up 


From  the  measured  strains,  from  coupon  tests,  and  analytical  Investigations  the  following  failure 
modes  can  be  expected  at  70*0  and  70  per  cent  relative  humidity: 

-  in  the  flight  load  case  the  front  frame  of  the  side  shell  to  fall  near  the  connection  to  the 
engine/transmission  deck  at  about  180X  limit  load, 

-  in  the  landing  load  case  the  oblique  frame  to  fail  in  the  middle  between  subfloor  structure 
and  rear  frame  at  about  175%  limit  load. 

Besides  the  qualification  of  the  BK  117  composite  airframe  for  the  "3.5  g  pullup"  flight  load  case 
and  the  "level  landing  with  drag"  landing  load  case,  the  complete  airframe  test  validated  the  finite  ele¬ 
ment  model  which  was  used  to  analyze  the  airframe  and  where  sufficiently  good  conformity  with  the  measured 
stress  and  strain  values  was  found.  As  it  is  a  practical  impossibility  to  qualify  by  test  an  airframe  struc¬ 
ture  for  every  loading  condition  a  helicopter  might  encounter, the  validated  finite  element  model  was  used 
to  analytically  qualify  the  BK  117  composite  airframe  for  all  other  critical  loading  conditions,  such  as 
"yawing  conditions",  "level  landing  with  side  load",  "one-skid  landing",  and  "emergency  landings". 

Based  on  the  above  shown  tests  and  analyses  as  well  as  on  damage  tolerance  investigations, additionally 
performed  at  the  side  shell  component  and  the  complete  airframe,  airworthiness  of  the  BK  117  with  a  compo¬ 
site  fuselage  was  qualified  and  the  helicopter  is  under  flight  testing  (Figure  10)  since  spring  1989  with¬ 
out  any  problems. 


A.  dii.  . 

Figure  10.  BK  117  Composite  Airframe  Test  Aircraft 
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2.2  Dynamic  System 

As  a  helicopter  operates  in  a  severe  fatigue  environment,  because  it  has  a  rotor  that  constantly 
generates  a  cyclic  load  input,  a  large  number  of  components  in  the  dynamic  system  are  designed  primarily 
so  that  they  will  provide  adequate  fatigue  strength.  But  in  addition, of  course,  a  static  substantiation 
is  necessary  that  uses  a  limit  load  envelope  which  includes  any  peak  loads  that  would  be  experienced  in¬ 
extreme,  but  seldom  encountered,  manoeuvres  or  that  is  calculated  on  the  basis  of  structural  design  cri¬ 
teria. 


The  frequencies  of  the  cyclic  input  loads  range  from  once  or  less  per  flight  to  multiples  of  the 
rotor  speed.  Because  the  number  of  cycles  accumulates  rapidly  at  the  higher  frequencies,  fatigue  damage 
cannot  be  permitted  for  the  load  levels  that  occur  at  these  frequencies.  High  loads,  on  the  other  hand, 
should  not  occur  at  frequencies  high  enough  to  accumulate  a  critical  amount  of  fatigue  damage. 

Fatigue  substantiation  of  helicopter  structures  has  to  insure  that  the  components  have  sufficient 
fatigue  strength  throughout  their  design  life.  Fatigue  strength  of  a  given  component  can  be  defined  in 
terms  of  an  endurance  limit,  or  it  can  be  stated  in  terms  of  a  fatigue  life.  The  endurance  limit  is  the 
maximum  value  of  alternating  stress  to  which  the  component  can  be  subjected  for  an  infinite  number  of 
cycles  without  failure.  Fatigue  life  is  that  number  of  stress  cycles  that  can  be  sustained  prior  to  failure. 

In  the  helicopter  industry  the  fatigue  strength  is  usually  determined  by  full-scale  fatigue  tests 
for  all  critical  structural  components,  defined  as  components  subjected  to  significant  fatigue  loading, 
the  failure  of  which  would  contribute  to,  or  cause  a  failure  condition  which  would  prevent  the  continued 
safe  flight  and  landing  of  the  rotorcraft. 

For  components,  such  as  control  system  parts,  for  which  stiffness  is  a  primary  design  criterion,  all 
alternating  stresses  can  be  below  the  endurance  limit  and  thus  the  fatigue  life  would  be  infinite.  In  such 
cases  no  fatigue  testing  is  necessary  to  demonstrate  infinite  life  if  allowable  stress  levels  are  estab¬ 
lished  by  acceptable  means,  and  the  stresses  measured  in  flight  are  lower  than  these  established  levels. 

The  following  method  is  considered  acceptable  at  MBB  for  establishing  allowable  stress  levels. 


Figure  11.  Analytical  Qualification  of  Infinite  Fatigue  Life 


As  many  helicopter  components  are  subjected  to  steady  loads  with  alternating  loads  superimposed,  the 
relation  between  steady  stress  and  alternating  stress  is  important.  The  modified  GOODMAN  diagram  which  re¬ 
presents  the  endurance  limit  as  a  straight-line  relationship  of  the  steady  stress,  as  shown  in  Figure  11, 
is  commonly  used  in  industry  and  is  constructed  from  laboratory  test  data  determined  on  smooth  specimens. 

This  endurance  level  for  a  given  material  will  be  reduced  by  a  calculated  theoretical  stress  concentration 
factor  for  the  configuration  of  the  component  and  the  imposed  loads.  A  factor  of  safety  of  3  is  then  app¬ 
lied  to  the  component  endurance  limit  to  arrive  at  a  working  curve  which  provides  the  allowable  stress 
level . 

Stress  concentration  is  always  present  in  cases  of  cross-sectional  changes  such  as  notches,  grooves, 
fillets,  holes,  corners,  undercuts,  cut  outs,  etc.,  but  it  is  also  found  in  unsymmetrical  and  eccentrically 
loaded  parts  that  must  necessarily  bend  with  each  application  of  load.  The  theoretical  stress  concentration  fac¬ 
tor  can  be  derived  from  handbooks  or  data  sheets,  if  the  component  is  simple  or  of  a  standardized  shape. 

If,  however,  a  complex  part  is  to  be  considered,  computational  mechanics,  e.g.,  finite  element  analysis  is 
becoming  the  primary  means  to  calculate  the  distribution  and  magnitude  of  stresses,  and  this  analytical 
method  is  superseding  photoelasticity  in  the  establishment  of  stress  concentration  factors. 

Pre-processing  is  the  first  step  in  finite  element  work.  The  geometry,  the  finite  element  mesh, 
material  properties,  loads,  and  boundary  conditions  must  be  loaded  into  the  computer.  At  MBB  we  use  either 
CAEDS  or  MENTAT  for  pre-processing  activities.  Depending  upon  the  problem  to  be  analyzed,  either  NASTRAN 
or  MARC  will  be  applied,  NASTRAN  for  linear  applications  and  MARC  for  nonlinear  material  properties  and 
large  deformations.  Postprocessing  is  a  way  of  representing  finite  element  results  in  plots  or  graphs  that 
make  them  easier  to  interpret.  Here  again  CAEDS  or  MENTAT  are  used.  Figure  12  shows  pre-  and  post-processing 
plots  as  well  as  a  fatigue  test  result  of  an  elastomeric  bearing  housing. 

The  finite  element  model,  as  shown  in  Figure  12.  also  will  be  used  to  estimate  the  detailed  stress 
fields  on  the  component  under  all  relevant  static  loadings  and  thus  enables  the  analytical  qualification 
by  establishing  the  minimum  margin  of  safety  under  consideration  of  the  material  design  allowables. 
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Figure  12.  Finite  Eletnent  Analysis  and  Fatigue  Test  Result  of  an  Elastomeric  Bearing-Housing 


When  the  maximum  measured  fatigue  stress  lies  above  the  working  curve  (Figure  11),  the  component 
must  be  considered  to  be  fatigue  critical  and  hence  subject  to  fatigue  analysis.  In  this  case  the  loading 
must  be  defined  in  detail,  and  the  fatigue  strength  of  the  component  must  be  determined.  The  fatigue  life 
of  the  component  then  can  be  predicted  analytically  by  applying  the  well  known  "Linear  Cumulative  Damage 
Hypothesis"  or  Miner's  Rule.  The  fatigue  loadings  cannot  be  determined  without  flight  tests.  To  establish 
a  component's  fatigue  strength,  at  MBB,  the  fatigue  test  results  are  condensed  into  the  following  ana¬ 
lytical  expression,  proposed  by  WEIBULL,  which  covers  the  whole  range  from  N  =  1  (static  strength  S  )  to 
N  =  •  (endurance  limit  $«): 

S  =  S,  +  (Sy  -  SJ  •  e  -“(logN)® 

Best  estimates  of  the  unknown  constants  S  ,  S„,  o  and  B  are  obtained  in  fitting  the  above  equation  of 
the  S-N  curve  to  the  fatigue  life  test  data  by  applying  the  method  of  least  squares.  For  an  acceptable 
level  of  risk,  the  above  found  mean  curve  must  be  reduced  by  an  appropriate  reduction  factor  to  define  a 
working  S-N  curve  or  to  establish  an  S-N-P  diagram.  This  factor  is  based  on  the  type  of  material  being  tested, 
past  service  experience  with  the  material,  ana  type  of  design.  It  Includes  consideration  of  the  number  of 
specimens  tested  and  the  variability  of  the  fatigue  results.  Figure  13  shows  the  mean  and  working  S-N 
curves  of  a  hypothetical  fatigue  life  problem  of  the  American  Helicopter  Society  [3],  which  where  estab¬ 
lished  according  to  the  MBB  method,  as  shown  in  detail  in  [4]. 


Figure  13.  Mean  and  Working  S-N  Curves  of  a  Hypothetical  Pitch  Link 

On  the  basis  of  measured  fatigue  loadings  and  calculated  working  S-N  curves,  the  analytical  qualifi¬ 
cation  of  fatigue  critical  structures  is  state  of  the  art  in  the  helicopter  industry. 
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The  rotor  hub  is  the  central  structure  of  both  main  and  tail  rotors,  and  plays  a  fundamental  role  in 
the  helicopter  dynamic  system.  It  supports  the  rotor  blades  at  rest  and  in  rotation,  transmits  the  drive 
torque  to  blade:,  as  well  as  the  control  inputs  in  terms  of  blade  ptich  change,  and  transmits  to  the  fuselage 
the  blade  lift  loads  and  rotor  moments  generated  by  the  rotating  blades.  High  capacity  laminated  elastomeric 
bearings,  in  combination  with  composite  materials,  are  used  to  fulfill  these  primary  functions  in  modern 
hellcoper  design,  such  as  MBB's  FEL  rotor,  a  rigid  rotor  with  elastomeric  bearings  (Figure  14).  In  the 
FEL  rotor,  two  elastomeric  bearings,  one  radial  and  one  axial,  perform  the  function  of  a  feathering  hinge, 
whereas  the  hinges  for  flapwise  and  lead-lag  motion  are  replaced  by  the  elastic  behaviour  of  the  blade  root. 


Figure  14.  MBB's  FEL  Rotor 


Due  to  their  low  polymerised  chain  molecules,  elastomeric  materials  are  able  to  undergo  large  but  re¬ 
versible  deformations.  This  capability,  in  combination  with  the  nearly  incompressible  material  behaviour  is 
used  in  designing  elastomeric  bearings.  In  the  special  case  of  a  low  stiffness  requirement  around  the 
feathering  axis,  together  with  a  high  stiffness  requirement  in  the  other  directions,  the  elastomeric 
bearing  Is  constructed  from  alternating  rubber  and  metal  layers  (shims).  The  demands  of  stiffness  and 
strength  may  be  accomodated  by  the  designer  using  shims  in  the  form  of  disks,  cylindrical,  conical,  or 
spherical  shells.  In  designing  elastomeric  bearings,  questions  with  regard  to  stiffness,  static  and  fatigue 
strength  as  well  as  damping  arise  for  different  loading  and  environmental  conditions. 

The  capability  for  analyzing  components  constructed  of  elastomeric  materials,  which  can  be  idealized 
using  nearly  incompressible  hyperelastic  and  viscoelastic  material  properties,  is  a  feature  in  a  number  of 
standard  finite  element  programmes.  At  MBB  the  MARC  finite  element  code  is  used  to  realize  the  nonlinear 
analysis  [51. 


Figure  15,  Axial  Elastomeric  Bearing 


The  axial  bearing,  as  shown  in  Figure  15,  has  to  support 

-  axial  compression,  caused  by  centrifugal  forces  and 

-  radial  shear,  caused  by  drag  and  rotor  thrust, 

while  yielding 

-  torsional  shear,  due  to  pitch  motion  and 

-  cocking  shear,  due  to  flap  and  lead-lag  motion. 

Axial  bearings  are  generally  built  up  of  several  conical  and/or  spherical  shells,  consisting  of  alter¬ 
nating  elastomeric  and  metallic  layers  attached  to  inne**  and  outer  support  members. 
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For  numerical  analysis  a  finite  element  model,  as  shown  in  Figure  16,  was  used,  with  major  emphasis  placed 
on  a  realistic  representation  of  the  elastomeric  layers  and  the  shims. 


Figure  16.  Finite  Element  Model  of  Axial  Elastomeric  Bearing 


The  finite  element  analysis  was  checked  by  establishing  the  stiffness  of  the  bearing  in  various 
modes  and  comparing  it  to  the  test  results.  A  fairly  good  agreement  was  found,  as  shown  in  Table  1. 


Table  I.  Stiffnesses — analysis  vs  test 


Stiffness 

Error 

Axial 

Radial 

Torsional 

Cocking 

Qest  ~  C'fem 
Qest 

-5.8% 

+9.6% 

+  5.7% 

+4.2% 

Strain  gauges  were  installed  in  hoop  direction  at  different  positions  on  the  outer  end  of  conical 
and  spherical  shims  as  well  as  on  the  housing.  The  measured  strains  are  compared  to  the  numerical  results  for 
various  loading  conditions  in  Figure  17.  The  test  results  and  the  finite  element  results  are  found  to  be 
in  good  agreement. 


numeric*!,  results  :  »  AXI*l  LOAD 

o  AXIAL.  RADIAL  LOAD 
0  COCKINC 

SOLID  SYMBOLS:  STRAIN  OAUCE  MEASUREMENTS 


Figure  17.  Hoop  Strains-Analysls  vs  Test 


From  the  above  it  can  be  deduced  that  for  the  analytical  qualification  of  elastomeric  components 
there  are  finite  element  codes  available  which  can  be  used  to  analyze  the  nonlinear  behaviour  of  rubber- 
like  structures  applying  near  incompressible  and/or  viscoelastic  material  properties.  The  investigations 
can  be  summarized  as  follows: 

-  the  stiffnesses  of  laminated  elastomeric  bearings  in  various  modes  can  be  calculated 
satisfactorily, 

-  stresses  and  strains  in  the  shims  and  in  the  rubber  layers  can  be  analyzed  with  sufficient 
accuracy, 

-  more  detailed  information  can  be  provided  than  can  be  measured  on  an  actual  component, 
e.g.,  local  internal  stresses  and  strains,  internal  energy  and  temperature  distribution, 
as  well  as  Influence  of  assumed  damages  on  Internal  stress  and  temperature  distribution. 
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3.  CRASHWORTHINESS  QUALIFICATION 

Since  the  potential  for  accidents,  especially  of  military  helicopters,  is  great  due  to  their  mission 
and  the  environment  in  which  they  must  accomplish  that  mission,  it  is  imperative  that  they  be  engineered 
to  minimize  damage  and  enhance  occupant  survival  in  crashes.  This  requires  that  the  various  parts  of  the 
helicopter  be  designed  so  that  the  occupant  will  not  be  exposed  to  incapacitating  injury  prior  to  or  after 
the  airframe  expends  all  of  its  required  energy  absorption  capacity.  The  deceleratlve  forces  on  the  occu¬ 
pants  and  large  masses  must  be  reduced  by  energy  absorbing  systems,  a  habitable  space  must  be  maintained 
around  the  occupants,  and  postcrash  hazards  must  be  avoided.  Crashworthiness  design  thus  requires  the  mana¬ 
gement  of  the  crash  energy,  as  shown  in  Figure  18,  primarily  through: 

-  stroking  of  the  landing  gear, 

-  crushing  of  the  fuselage  subfloor  structure,  and 

-  stroking  of  the  seats. 


HELICOPTER 
IMPACT  VELOCITY 


SEAT 
FUSELAGE 
LANDING  GEAR 


Figure  18.  Crash  Energy  Management  System 


According  to  crashworthiness  standards,  e.g.,  MIL-STD-1290,  there  are  several  sets  of  crash  condi¬ 
tions  that  must  be  investigated  in  support  of  the  design  process.  In  terms  of  fidelity,  the  dynamic  testing 
of  full-scale  structures  most  closely  approximates  actual  crash  conditions,  especially  If  velocity  compo¬ 
nents  and  impacted  surface  conditions  can  be  realistically  represented.  However,  full-scale  testing  would 
be  extremely  expensive,  but  more  significant  than  cost  is  the  fact  that  only  one  test  parameter  data  set 
per  test  article  is  available. 

As  a  result  of  expanding  computer  capability,  a  number  of  digital  computer  programmes  for  analysis  of 
helicopter  structures  in  a  crash  environment  have  been  developed.  These  mathematical  crash  simulation  com¬ 
puter  codes  can  provide  a  means  of  qualifying  helicopter  structures  with  respect  to  a  set  of  crashworthi¬ 
ness  criteria.  The  computer  programmes  vary  widely  in  their  modeling  characterization  and  mathematical 
treatment  of  the  model  equations. 

Crash  impact  simulation,  l.e.,  predicting  of  the  structural  behaviour  of  a  helicopter  and  the  de¬ 
celerations  to  which  the  occupants  are  subjected  in  a  crash  environment,  must  include  extensive  plastic 
deformations,  large  deflections  and  rotations,  and  the  ability  to  handle  nonlinear  boundary  conditions  re¬ 
quired  by  variable  contact/rebound. 

At  MBB,  we  have  implemented  the  computer  programme  KRASH,  well-known  in  the  helicopter  community,  which 
predicts  the  structural  response  of  a  helicopter  to  multidirectional  crash  environments.  The  programme 
solves  the  coupled  EULER  equations  of  motion  for  n  interconnected  lumped  masses,  each  allowed  six  degrees 
of  freedom.  The  interconnecting  structural  elements  represent  the  stiffness  characteristics,  both  linear 
and  nonlinear,  of  the  structure  between  the  masses  and  must  be  defined  by  user  input  data. 


3.1  Subcomponent  Crushing 

The  nonlinear  stiffness  behaviour  of  interconnecting  beams  in  crash  impact  simulations  are  frequently 
found  directly  by  tests.  But  due  to  cheaper  computing  power  the  nonlinear  properties  of  subcomponents  will 
more  and  more  be  derived  from  separate  refined  finite  element  analysis,  taking  into  account  effects,  such 
as  section  distortion,  shell  folding,  and  rivet  popping  [6]. 

For  an  aluminium-alloy  sheet-stringer  concept,  in  cooperation  with  Engineering  System  International 
(ESI),  a  mathematical  model  has  been  developed  with  shell  elements  and  special  rivet  elements  and  ESI 
conducted  a  nonlinear  dynamic  analysis  using  the  explicit  finite  element  code  PAM-CRASH, 

The  sheet-stringer  structure  has  a  vertical  plane  of  symmetry,  therefore  only  one  synmetric  half  was  con¬ 
sidered  in  the  finite  element  model,  as  shown  in  Figure  19. 
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Figure  19.  Finite  Element  Model  of  Sheet-Stringer  Panel 


Loading  of  the  finite  element  model  was  applied  by  two  moving  rigid  walls  aL  top  and  bottom  of  the 
structure.  Each  wall  travelled  at  5  m/s  axially  toward  the  structure,  thus  producing  3  10  m/s  crushing 
velocity.  The  first  15  milliseconds  of  the  crush  were  simulated.  This  corresponded  to  a  150  mm  crushing 
of  the  450  mm  high  structure. 

The  following  results  have  been  presented  by  ESI: 

-  load  versus  deformation  diagrams, 

-  absorbed  energy  versus  deformation  diagrams. 

•  sequence  of  deformed  shape  plots  (Figure  20). 

-  force  versus  time  diagrams  for  rivets  in  the  no-failure-condition,  and 

-  time  of  rivet  failure,  when  failed  within  the  simulation  time. 


Figure  20.  Deformed  Shape  Plots  of  Sheet-Stringer  Panel 


Figure  21.  Deformed  Shape  of  Sheet-Stringer  Panel  in  Quasi-Static  Crushing 

Quasi-static  crushing  tests  have  been  conducted  at  MBS  and  dynamic  impact  crushing  tests  at  DLR, 
Stuttgart,  to  compare  the  analytical  results  with  experimental  findings  [7], 
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From  the  experience  gained  with  analytical  simulation  of  subcomponent  crushing,  using  finite  element  pro¬ 
grammes,  and  from  comparison  with  test  results,  the  following  can  be  concluded: 

-  the  sequence  of  deformation  can  be  predicted  fairly  well  (Figures  20  and  21), 

-  the  load-deformation  characteristic  is  predicted  with  sufficient  accuracy  (Figure  22), 

-  the  total  energy  absorbed  at  150  mm  stroke  is  very  well  predicted, 

-  the  available  computer  codes  can  be  a  viable  tool  to  simulate  realistically  structural 
detail  behaviour  to  establish  input  data  for  the  programme  KRASH,  and 

-  the  amount  of  experiments  required  can  be  reduced  at  reasonable  computer  time. 


Figure  22.  Crushing  Characteristic  of  Sheet-Stringer  Panel 


3.2  Crash  Impact  Simulation  of  a  Complete  Helicopter 

Once,  the  nonlinear  behaviour  of  the  inerconnecting  structural  elements,  required  as  input  data  for 
the  programme  KRASH.  is  established  either  by  test  or  analysis,  the  response  of  the  complete  helicopter 
structure  to  crash  conditions  can  be  evaluated. 

The  computer  programme  KRASH  has  the  following  capabilities: 

-  determination  of  the  time  histories  of 

0  mass  accelerations,  velocities,  and  displacements, 

0  beam  loads  and  deformations; 

-  provisions  for  load-dependent  properties,  as 
0  nonlinear  stiffness, 

0  permanent  deformation, 

0  load-limiting  devices: 

-  determination  of  failure  behaviour,  as 
0  failure  mode, 

0  time  of  failure, 

0  load  redistribution; 

-  provisions  for  dynamic  effects,  as 

0  mass  penetration  into  an  occupiable  volume, 

0  ground  contact  by  external  structure, 

0  internal  damping, 

0  sliding  friction,  and 
0  rebound. 

From  working  with  KRASH  we  found  that  it  enables  the  representation  of  a  helicopter  structure  by  a  re¬ 
latively  small  number  of  beams,  which  facilitates  data  evaluation  and  result  interpretation.  The  calculation 
of  a  measure  of  occupant  injury  potential  (Dynamic  Response  Index),  by  modeling  occupant/seat  systems, 
allows  the  evaluation  of  the  probability  of  spinal  injury.  The  programme  KRASH  can  be  used  for  studies  of 
structural  design  parameters  and  energy  dissipation  in  subassemblies  for  two-  and  three-dimensional  geo¬ 
metry  and  motion  (Figure  23). 


The  programme  KRASH  can  be  regarded  as  an  acceptable  means  for  the  qualification  of  helicopter 
structures  with  respect  to  a  set  of  crashworthiness  requirements. 
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4.  CONCLUSIONS 

With  the  currently  available  analytical  tools,  mainly  the  finite  element  method,  the  cost  of  the 
structural  qualification  programme  can  be  significantly  reduced. 

Starting  from  preliminary  design,  analytical  methods  are  applied  with  great  success  in  the  design 
phase  for  structural  optimization  of  airframe  structures.  Based  on  these  investigations  and  supported  by 
developmental  tests  on  coupon  or  component  level  the  final  qualification  for  all  relevant  load  cases  can 
be  achieved  with  sufficient  confidence,  even  under  consideration  of  environmental  conditions. 

Complex  dynamic  components,  designed  primarily  to  provide  adequate  fatigue  strength,  can  be  checked 
whether  fatigue  testing  is  necessary.  An  analytical  determination  of  the  endurance  limit  is  acceptable 
when  the  fatigue  margin  of  safety  is  high,  or  when  the  service  loads  are  clearly  defined  and  the  primary 
mode  of  failure  is  evident  and  the  precise  stress  distribution  is  known.  In  the  other  case,  the  appli¬ 
cation  of  the  Miner's  Rule  is  state  of  the  art  in  the  helicopter  industry,  for  the  analytical  qualification 
of  fatigue  critical  structures. 

During  the  last  decade,  considerable  progress  has  been  made  in  nonlinear  finite  element  methods.  The 
analysis  of  high  capacity  elastomeric  bearings  or  elastomeric  dampers  which  usually  undergo  large  defor¬ 
mation,  exhibit  a  nonlinear  stress-strain  relationship  and  have  a  nearly  incompressible  material  behaviour, 
can  now  be  carried  out  by  engineers  without  greater  difficulties.  Energy  dissipation  and  temperature  distri¬ 
bution,  as  significant  properties,  both  for  bearings  and  dampers  can  be  taken  into  consideration  for  ana¬ 
lytical  qualification. 

Large  deformations  and  a  nonlinear  stress-strain  relationship  are  also  found  in  subcomponent  crushing 
for  energy  absorption.  Nonlinear  load-deformation  characteristics  can  be  predicted  with  sufficient  accuracy 
for  the  interconnecting  structural  elements  of  a  lumped  mass  model  to  qualify  helicopter  structures  with 
respect  to  a  set  of  crashworthiness  requirements. 

Pre-  and  post-processing  have  advanced  in  such  a  way  that  the  geometry  may  be  transferred  directly 
from  a  computer  aided  design  system,  a  reasonable  mesh  pattern  can  be  generated  automatically,  and  the 
output  results  may  be  arranged  in  plots  or  graphs  for  easier  interpretation. 
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1  Abstract 

-What  is  a  solar  array  and  why  is  its  qualification  through  analysis  relevant  to  you? 

-Why  and  how  did  Fokker  Space  and  Systems  perform  this  qualification  through  analysis? 
-Recommendations  for  those  who  want  to  accept  the  challenge  of  qualification  through  analysis. 

2  The  problem 

To  achieve  qualification  is  in  general  a  very  expensive  exercise.  For  solar  arrays  this  is  done  by  a 
dedicated  test  program  through  which  final  qualification  is  achieved.  Due  to  severe  competition  on 
the  solar  array  market,  cheaper  means  are  looked  for  to  achieve  a  qualified  product  for  our  customers. 
One  of  the  methods  is  to  drastically  limit  the  environmental  test  program  and  to  qualify  the  solar-array 
structure  against  its  environmental  loads  by  analysis. 

3  What  is  a  solar  array? 

Solar  arrays  transfer  the  light  of  the  sun  into  electrical  energy. 

It  forms  the  primary  power  source  of  geostationary  communications  spacecraft. 

These  spacecraft  come  in  two  versions: 

spin  stabilised  (cylindrical  solar  arrays) 

three  axes  stabilised  (planar  solar  arrays) 

We  wiU  concentrate  on  the  latter  and  more  specific  on  rigid  panel  solar  arrays.  Fokker  Space  and 
Systems  build  and  deliver  a  family  of  solar  arrays  called  Advanced  Rigid  Arrays  (ARA). 

During  the  launch  phase  these  solar  array  panels  are  stowed,  folded  like  a  concertina,  exposing  only 
the  outboard  panels  to  generate  power  for  house  keeping  of  the  spacecraft.  Figure  1  shows  a  solar 
array  in  the  stowed  configuration.  In  this  phase,  the  stowed  solar  array  will  experience  high  structural 
loading,  as  we  will  explain  later. 

When  the  spacecraft  is  in  its  final  orbit,  these  stowed  wmgs  unfold  "gently"  and  will  provide  the 
spacecraft  with  sufficient  power  to  fulfil  its  mission.  Figure  2  shows  the  deployment  phase  of  such  an 
array  up  to  the  fully  deployed  configuration  (figure  3). 
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Fig.  1.  A  solar  array  b  stowed  configuration  (ref.  ARA-Solar  arrays;  Fokker  Space  and  Systems). 

4  Environmental  loads  in  solar  arrays 

In  the  stowed  configuration,  the  rigid  panels  are  fixed  to  the  spacecraft  on  a  discrete  number  of  support 
pomts.  In  this  configuration,  the  solar  array  will  be  exposed  to; 

quasi-static  loading  (from  the  launch) 

low-frequency  (0-100  Hz)  loadbg  (transients  of  engme  cutoff,  flexibility  of  launcher/spacecraft) 

high-frequency  (100-8000  Hz)  loadbg  (acoustic  noise  from  engbes  and  aerodynamic  noise) 

thermal  loadbg  due  to  aerothermal  heatbg  after  fairing  jettison 

The  solar  array  contractor  is  responsible  for  proving  that  the  solar  array  will  survive  these  loadcases 
with  sufficient  margins. 
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Fig.  2.  Solar  array  in  deployment  phase  (ref.  EURECA-Solar  arrays;  Fokker  Space  and  Systems), 
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5  The  problem  in  perspective  again 

To  understand  why  Fokker  Space  and  Systems  have  chosen  for  "qualification  by  analysis”  of  their 

Advanced  Rigid  Array  (ARA),  wherever  possible,  there  are  two  extra  topics  you  need  to  know: 

1.  The  ARA  is  not  a  specific  solar  array  for  a  specific  spacecraft,  but  a  generic  solar  array  (see  figure 
4).  It  is  a  family  of  solar  arrays,  to  suit  individual  customer  requirements  with,  each  time,  an  optimum 
design  as  it  would  be  very  expensive  to  qualify  all  possible  variants  by  testing. 

2.  The  time  between  award  of  a  contract  for  a  solar  array  subsystem  and  delivery  of  the  qualified 
product  is  usually  less  than  two  years,  while  the  throughput  time  for  manufacturing  and  integration 
is  approximately  1.5  years!  This  implies  that  you  have  to  freeze  your  design  and  verify  it  in  about 
half  a  year.  You  can  only  meet  that  time  dead-line  in  an  approach  of  preprocessing ,  analysis  and 
postprocessing,  for  what  concerns,  the  structural  qualification  against  the  murhaniral  environment, 
and  not  by  testing  a  structural  model. 

The  following  aspects  must  bring  the  solar  array  into  perspective  for  you: 

-  Rigid  lightweight  structures 

-  Quasi-static  and  dynamic  loading 

-  Semi-rigid  interface 


-  A  customer  requiring  a  qualification  product,  and  a  verified  finite  element  model  (FEM),  to 
allow  coupled  analysis  with  the  spacecraft  structure. 


14-5 


Example  of 

scaled  down 

sun-tracking 

array  tor  smal 

ccmmimlcallon 

sataMtaa 

(upto2kW) 

Example  of 
sun-tracking 
array  tor  me 
DBS  class 
ofsateBtas 
(2-4  kW) 

Example  of 
sun-lracking 
array  tor  the 
Olympus  class 
of  sataHtes 
(2-6  kW) 

Example  of 
nort-sun 
-tracking 
array  fora 
ratrtavabla 
LEO  mission 
(up  to  10  kW) 


fig.  4  Family  of  generic  design  Advanced  Rigid  Array  (ARA)  showing  various  configurations 

6  Qualification  by  qualified  analysis 

You  will  understand  that  before  a  customer  accepts  the  approach  of  "qualification  by  qualified  analysis", 

he  will  need  to  understand  the  procedures.  This  can  be  a  time-consuming  process. 

The  approach,  which  Fokker  Space  and  Systems  adapted  was: 

6.1  -to  design  and  build  some  typical  wing  configurations 

6.2  -to  have  their  allowable  dynamic  input  spectra  calculated  by  our  pre-processor  /finite  element 
analysis  (FEA)/  post-processor  combination 

6.3  -to  test  these  configurations  to  the  analysed  allowable  limits 

6.4  -if  all  configurations  survive  the  test,  you  have  qualified  your  analysis.  Y ou  have  then  demonstrated 
that  your  analysis-tool  can  be  readily  used  for  other  solar  arrays  from  the  ARA-family. 
Furthermore  vibration-tests  could  now  be  deleted  on  request.  In  theory  this  approach  certainly 
works.  In  practice  there  were  some  refinements  to  be  made. 


6.1  Selected  wing  configurations  for  ARA  development  program 

From  the  sales  aspect  one  would  like  to  have  some  configurations  with  favourable  interfaces  in  order 
to  demonstrate  high  performance.  From  the  viewpoint  of  the  qualification  of  the  analyses  capabilities 
one  would  prefer  some  worst-case  configurations,  with  the  least  favourable  interfaces,  to  demonstrate 
the  range  of  the  analysis  and  to  cover  worst-case  environment.  In  order  to  be  cost  efficient,  one  would 
like  the  typical  wing  configurations  to  be  built  out  of  the  same  components.  Within  the  ARA  program, 
we  have  vibration  tested  three  configurations  : 


.  A  three  panel  configuration  without  further  appendages  (3  panel  clean  wing,  see  figure  S). 

.  A  three  panel  configuration  with  a  yoke  structure  (connection  between  solar  panels  and 
spacecraft  in  deployed  position)  and  a  solar  sail  (3  panels  complete  wing).  In  stow^  position 
the  I/M  (intermediate)  hinge  was  connected  to  the  shaker. 

.  A  five  panel  configuration  with  a  yoke  structure,  a  solar  sail  and  some  thermal  hardware,  normally 

used  for  spacecraft  thermal  housekeeping  (S  panels  complete  wing).  In  stowed  position  the  I/M 
hinge  was  supported  by  the  inboard  panel. 

All  panels  had  the  same  interface  pomts  to  six  holddowns  to  keep  the  array  in  stowed  position  and 
transfer  the  launch  loads.  These  holddowns  were  located  very  close  to  the  positions  that  yield  the 
highest  natural  frequencies. 


Calculation  of  allowable  input  level 

Normally  analysis  tools  are  aimed  at  calculating  the  margins  of  safety  for  a  given  structure  under  gjven 
loads.  One  will  start  with  conservative  calculations  and  refine  the  calculations  when  low  or  negative 
margins  are  found.  This  approach  cannot  just  be  inverted  to  find  allowable  dynamic  input  level.  One 
must  start  with  expensive  refined  analysis  from  the  beginning.  Much  emphasis  was  therefore  laid  on 
the  analysis  methods: 

A  preprocessor  to  generate  the  finite  element  model  (FEM)  of  the  solar  array 

A  postprocessor  based  on  hand-stress  calculations  for  the  holddownpoints 

An  enforced  displacement  method  (EDM)  postprocessor  (ref.  4)  to  calculate  stresses  in  the 
panel,  because  the  dynamic  FEM  model  was  loo  coarse. 

A  postprocessor  to  determine  the  dynamic  interpanel  gap  (to  predict  panel-touching) 

This  effort  yielded  the  theoretical  allowable  input  levels,  as  a  function  of  the  frequency,  for  a  given 
constant  modal  damping  value.  This  preprocessing  and  postprocessing  was  not  only  meant  to  gain 
time,  but  also  to  take  out  the  "human  factor”  in  the  FEA.  With  this  human  factor,  we  mean  the  freedom 
of  the  analyst  in  modelling  a  structure. 


•eior 


dummy 
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5  p9n«l 
cl««n  wing 


fig.  5  Solar  array  configurations  for  the  ARA  vibration  test,  shown  in  deployed  configuration 
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6.3  The  test  philosophy 

The  theoretical  allowable  input  level,  as  a  function  of  the  frequency  and  modal  damping  will  have 
sharp  notches  at  the  natural  frequencies.  The  location  of  these  notches  is  not  very  accurately  known, 
if  one  realises  that  natural  frequencies  could  vary  by  at  least  5  percent  as  a  function  of  build  tolerances 
and  FEM  errors. 

The  shape  of  the  notches  will  depend  on  the  damping  that,  as  a  function  of  mode  shapes  and  load 
levels,  can  vary  by  a  factor  of  2. 

So  that  even  if  the  vibration  control  equipment  was  capable  of  accurately  controlling  the  input  level 
to  the  capricious  curves,  predicted  by  the  analyst,  this  would  be  an  extremely  dangerous  test  philosophy. 
By  having  a  slight  deviation  in  frequency  and  damping,  the  actual  applied  "notch"  in  the  input,  could 
miss  the  actual  natural  frequency.  This  would  result  in  serious  overtesting.  This  was  already  (^covered 
during  the  development  testing. 

"Notching"  is  a  well-known  procedure  in  aerospace  dynamic-testing.  The  purpose  is  often  to  prevent 
overtesting  of  the  testobject  and  to  obtain  a  more  realistic  input  spectrum  in  accordance  with  the 
spacecraft  environment.  The  input  to  the  test-object  is  reduced  from  a  certain  constant  level  in  a 
specific  frequency  band  in  order  to  achieve  a  constant  response  output  on  a  selected  measuring  channel. 
The  input  level  will  shows  a  sharp  "notch".  If  during  the  vibration  control  procedure  this  "notching"  is 
applied  around  a  resonance  frequency  of  the  test-object,  the  "notch"  of  this  input  level  will  have  the 
shape  of  the  (inverted)  response-peak  of  the  test-object  at  the  natural  frequency  (see  figure  6). 


Loggm/s2 


fig.  6  "Notching"  phenomena  (schematic) 

It  was  found  essential  that  the  vibration  testing  takes  place  with  active  "notching",  based  on  the 
straingauges  and  accelerometers,  and  that  the  correlation  takes  place  in  retrospect.  This  is  shown 
schematically  in  figure  7. 

All  testing  of  the  different  wing  configurations  was  performed  at  the  Estec  facilities  in  Noordwijk 
Figure  8  shows  a  general  overview  of  the  3  panel  clean  wing  on  the  dual  shakerhead. 


Analysis  Test 


fig.  7  ARA  Vibration  Test  Approach  (ref.  1) 


fig.  8  General  overview  of  the  3  panel  clean  wing  on  the  dual  shakerhead. 
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7  The  correlation:  Test  versus  Analysis 

As  survival  of  the  hardware  was  assured  by  a  good  testphilosophy  (again  requiring  extensive  analysis 
effort,  even  in  between  tests)  the  analysis  qualification  no  longer  follows  directly  from  the  survival  of 
the  hardware.  Therefore  a  correlation  between  pre-test  analysis  and  the  test  results  remains  necessary. 
For  this,  several  methods  were  followed: 

7.1  Correlation  of  the  Model  (analysis  input): 

The  dynamic  FEM  was  verified  with  aid  of  modal  survey  test  results  (Modal  survey  at  Estec,  University 
of  Ka^el  and  Fokker  Space  &  Systems  ref.  2).  All  of  these  have  the  disadvantage  that  they  verify  the 
finite  element  method  and  the  vibration  modes,  but  not  the  responses.  Modal  survey  testing  can  be 
performed  in  several  ways.  For  the  ARA-test  program  three  methods  were  used  on  the  3  panel  "clean" 
wing: 

Method  1: 

Random  input  from  the  shaker  on  to  which  the  stowed  wing  was  mounted.  With  the  responses 
of  the  accelerometers  that  were  there  on  the  wing  for  the  vibrating  testing,  the  Estec  facility  was 
able  to  reconstruct  some  major  modes.  With  the  base  excitation,  perpendicular  to  the  panels, 
some  5  modes  were  found  between  0  and  150  Hz.  Correlation  between  these  modes  and  the 
MSC/NASTRAN  finite  element  model,  or  between  these  modes  and  the  results  of  other  modal 
survey  methods  was  poor  (ref.  2). 

Method  2 

The  same  as  method  1,  only  now  the  input  was  a  very  slow  sine  sweep  (1/2  octave/minute)  at 
low  level  (0.3  g).  The  data  were  processed  by  a  team  at  the  Kassel  University,  headed  by  prof. 
Link.  With  this  method  8  modes  were  found  between  0  and  150  Hz.  Especially  on  the  major  2 
modes,  that  in  further  testing  practically  determined  the  allowable  input  level,  quite  reasonable 
correlation  was  found  between  the  results  of  this  modal  testing  and  the  MSC/NASTRAN  finite 
element  model  (ref.  2). 

Method  3 

At  Fokker  the  same  hardware  model  was  placed  on  a  seismic  block.  Modal  survey  testing  using 
a  single  point  excitation  was  carried  out  in  the  frequency  range  from  15  to  150  Hz.  The  modal 
parameters  were  extracted  with  LMS/GMAP  software  on  a  HF9826  desktop  computer.  The 
eight  most  reliable  modes  were  selected.  The  first  two  modes'correlated  very  well  with  the 
analysis  results  (ref.  2) 

7.2  Correlation  of  the  Responses  (analysis  output): 

The  analytically  derived  modal  responses,  their  resonance  frequencies  and  associated  vibration  modes 
were  compared  with  those,  as  derived  during  low  level  testing  (As  only  the  low  level  runs  have  a 
constant  mput  level,  these  are  the  only  ones  that  allow  an  easy  correlation).  The  first  step  in  this  activity, 
the  determination  of  response  frequencies  and  the  lowest  Margin  of  Safety  at  that  fi'equency,  is  already 
performed  as  a  necessary  part  of  the  vibration  control  procedure. 

An  easy  method  to  determine  the  correlation  of  the  important  modes  is  described  in  ref.  3.  This 
approach  is  a  kind  of  orthogonality  check  not  taking  into  account  the  phase  of  the  modes.  From  the 
test  acceleration  plots  as  function  of  the  frequency  the  following  properties  of  the  main  modes  are 
taken: 

Frequency  of  the  excited  modes;  they  are  recognized  by  the  peaks  in  the  graphs  of  the 
resonant  plots. 

Imaginary  part  of  the  acceleration  to  obtain  the  amplification  factor. 

For  each  mode  the  predicted  and  measured  amplification  factor  of  each  measurement  point 
must  be  collected.  They  form  two  vectors,  {a}  and  {t> 
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To  correlate  the  measured  and  the  calculated  modes  the  following  is  defined  ,ref.  5: 

[{(}-C{a}]’^[{t>-C{a>]  (1) 

{tym 

with  C  =  the  correction  factor  and  D  =  difference  factor  . 

The  analytical  mode  shape  vector  {  a  }  is  scaled  linearly  with  the  correction  factor  C  to  get  a  best 
fit  with  the  testvector  <  t }.  Physically  this  means  a  correction  factor  of  C '  ‘  on  the  damping  value 
assumed  in  the  analysis.  The  optimum  value  for  the  correction  factor  is: 

_  _  ityja}  (2) 

'  {ayia} 

(C  =  1  in  case  of  perfect  correlation) 

Using  the  optimum  value  of  C  the  "difference”  is: 

D  - 1  atViciyy  (3) 

({U"{0)({a}"{a» 

(D  =0  in  case  of  perfect  correlation) 

This  approach  applies  only  for  those  modes  that  will  be  excited  in  a  vibration  test,  i.e.  the  modes  with 
high  effective  mass ,  because  they  show  clear  peaks  in  the  frequency  response  plots. 

7.3  The  results 

For  all  ARA  test  configurations  this  method  2  in  combination  with  the  analytical  correlation  was  used 
to  correlate  the  test  results  to  the  predictions.  The  results  for  the  main  modes,  the  yoke  and  panel 
modes,  showed  good  correlation.  The  difference  factor  Z)  ^  0. 1,  meaning  a  fairly  correct  prediction 
of  the  mode  shapes.  The  modal  damping  of  5%as  used  in  the  analysis  appeared  to  be  rather  good  for 
most  modes  (ARA).  In  some  cases,  however,  the  main  panel  mode  appeared  to  have  a  lower  damping 
(3.4%).  The  results  of  all  these  modal  survey  testing  and  the  correlation  exercises  must  be  seen  in  the 
following  perspective: 

1) The  number  of  modes  below  ISO  Hz,  predicted  by  the  finite  element  anal3rsis  was  30.  Many  of  these 
modes,  were  known  to  have  little  effective  mass,  and  were  not  expected  to  be  found  other  than  by 
very  detailed  modal  survey  testing,  ref.  6.  These  modes  are  in  general  not  important. 

2) The  number  of  response  frequencies  that  needed  active  control  during  the  qual-level  test  (up  to  100 
Hz)  was  5.  This  is  exactly  the  number  of  modes  found  by  both  the  Kassel  University  method  and 
the  LMS  method  in  the  applicable  frequency  range  and  the  frequencies  corresponded  very  well.  A 
thorough  evaluation  of  the  low  level  sine  test  results  is  a  very  good  first  step  in  correlation  between 
test  and  analysis  results. 

8  Recommendations 

In  order  to  follow  the  approach  of  "qualification  by  analysis"  as  a  possible  method  of  reducing  the 
development  effort  for  ARA  type  solar  arrays,  the  following  points  are  of  importance: 

1.  If  you  want  to  qualify  by  analysis,  study  hard,  and  talk  to  your  customer,  to  determine  what 
he  will  accept  as  qualification  of  the  analysis.  Work  it  out  in  detail  and  take  out  the  influence 
of  the  analyst  by  strict  procedures  and  pre-  and  postprocessing. 

2.  If  you  determine  your  hardware  examples  for  the  qualification  of  your  analysis,  you  must  realize 
that  you  are  doing  your  stress  analysis  the  wrong  way  around.  Optimization  criteria  may  turn 
out  false.  Good  can  be  bad,  and  bad  can  be  good,  if  you  want  to  qualify  your  analysis  capabilities 
for  the  whole  range  of  applicability. 
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3.  Do  not  test  your  hardware  to  the  limits,  predicted  by  your  analysis,  before  you  have  qualified 
this  analysis.  Make  sure  that  you  protect  your  hardware  by  proper  notching  and  control 
procedures.  Our  experience  was  that  test  facilities  can  give  good  advice  here.  Notching  on 
straingauges  is  easier  than  on  accelerometers,  as  the  allowable  strain  is  not  frequency 
dependent  in  contrast  with  the  allowable  accelerations. 

4.  Compare  the  calculated  allowable  input  to  the  actual  test  input  determined  by  active  notching 
in  the  shaker  control  loop.  Because  of  all  the  uncertainties  and  inaccuracies  it  is  not  likely  that 
this  correlation  will  show  a  perfect  match,  but  at  least  it  can  demonstrate  whether  the 
predictions  were  sufficiently  conservative  to  compensate  for  the  inaccuracies. 

5.  Qualify  your  analysis  for  a  conservative  dampmg  value.  Mass  and  sti^ess  are  quite  well 
predictable.  Damping  values  can  easily  vary  by  a  factor  2.  Determine  the  damping  by 
development  tests. 

6.  In  your  correlation  exercise,  consider  responses  rather  than  normal  modes.  Responses  will 
eventually  determine  the  loads,  the  loads  will  determine  the  adequacy  of  your  design. 

9  Conclusion 

Qualification  by  analysis  is  possible.  The  benefits  are  that  a  significant  amount  of  development  effort 

can  be  saved  in  case  such  a  powerful  tool  is  available.  Extensive  testing  can  be  avoided  thus  saving 

time  and  money.  For  successful  use  the  above  mentioned  recommendations  should  be  adhered  to. 
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SUitARY 

The  use  of  probabilistic  structural  analysis  nethods  (PSAN)  to  predict 
structural  reliability  Is  the  subject  of  an  on-going  NASA  research  program. 
The  paper  reports  on  the  elements  of  the  new  technology  developed  to  date. 
Applications  of  the  developed  software  to  structural  problems  are 
demonstrated  for  simple  validations  problems  and  for  large  scale  application 
problems.  Future,  on-going  research  to  support  component  and  system 
reliability  predictions  suitable  for  analytical  certification  of  aerospace 
structures  Is  then  briefly  reviewed. 


LIST  OF  SYMBOLS 


Symbol  Description 

B  strain  operator 

Q  covariance  matrix 

d  perturbation  operator 

D  elasticity  operator 

E  Young's  modulus:  elastic  constant 

probability  density  function  of  x 
s  limit  state  function 

k  r,/r, 

K  stiffness  matrix 

In  natural  log  function 

probability  of  failure 
p  applied  forces 

r  cylinder  radius 

R  residual  nodal  forces 

5  bending  stress 

7,  Internal  temperature 

T,  external  temperature 

H  displacements 

V  Poisson's  ratio;  elastic  constant 

X  random  variables 

%  deslgd  variables 

Z  response  function 

a  coefficient  of  thermal  expansion;  sensitivity  factor 

8  tip  displacement 

normalized  mode  shapes  of  Independent  random  variable 
fields 

o  stresses 

0|  variance  of  1-th  variable 

o,  hoop  stress 

1.  DVnVliM  OF  PROIMIUSnC  STmiCTINIAL  ANALYSIS 
Program  Beals 

The  Probabilistic  Structural  Analysis  Methods  (PSAM)  project  funded  by  NASA  has  the  central 
goal  of  developing  a  comprehensive  structural  analysis  systam  capable  of  considering  general  forms 
of  uncertainty  In  loading,  geometry,  material  behavior,  and  boundary  conditions.  The  purpose  of 
this  analysis  system  Is  to  support  the  design  of  advanced  space  propulsion  hardware  capable  of 
operating  In  severs  environments  with  adequate  reliability.  The  PSAM  methods  are  sufficiently 
general,  however,  that  they  can  be  applied  to  a  very  wide  range  of  structural  reliability  concerns. 
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The  PShH  project  Is  being  completed  In  two  phases.  The  first  phase  Is  complete  and  hat 
focused  on  the  prediction  of  the  uncertainty  In  structural  response  variables  such  as  stress, 
natural  frequency,  forced  and  random  vibration  response,  buckling  load.  etc.  Such  predictions  of 
the  probabilistic  distributions  of  *stress*-types  of  variables  are  just  a  part  of  the  prediction 
of  structural  reliability,  albeit  an  Important  and  previously-missing  component  of  the  complete 
problem.  The  second  phase  Is  underway  and  concerns  the  probability  that  the  'stress*  variables 
will  exceed  some  structural  'resistance*  variable,  such  as  strength,  fatigue  life,  or  crack  growth 
limit.  This  second  phase  must  then  also  be  concerned  with  the  Interactions  of  multiple  and 
progressive  damage  processes  that  affect  structural  'resistance.* 

The  ability  to  analyze  complex  structural  response  problems  and  predict  the  reliability  of 
the  structural  component,  based  on  uncertainties  In  design  and  manufacturing  variables.  Is  an 
essential  Ingredient  In  being  able  to  certify  aerospace  structures  based  on  analytical  (or  numerical) 
modeling.  The  designer  concerned  with  reliability  needs  to  be  able  to  Identify  those  key  variables 
which  most  affect  the  component  or  system  reliability,  and  to  be  able  to  quantify  the  relationship 
between  design  variable  uncertainty  and  component  or  system  reliability.  The  work  to  date  on  PSAM 
demonstrates  the  analytical  means  for  satisfying  this  need. 

The  current  paper  primarily  reports  on  the  work  done  to  date  on  the  first  phase  of  the  PSAM 
effort.  The  status  of  design  approaches  to  analytical  prediction  of  component  and  system  reliability 
for  aerospace  structures  Is  then  briefly  reviewed  In  the  final  section  of  this  paper.  The  completion 
of  future  PSAN  tasks  will  provide  the  tools  needed  for  analytical  certification,  when  coupled 
properly  with  critical  component  and  system  testing.  The  methodology  will  be  reported  In  future 
progress  reports  on  this  NASA- funded  effort. 

NESSW  Cede  Stmctere 

Figure  1  highlights  the  major  modules  currently  used  by  the  NESSUS  (numerical  evaluation  of 
stochastic  structures  under  stress)  software  system.  Illustrated  for  the  finite  element  method 
(FEN).  These  modules  Include  an  expert  system  which  facilitates  the  user  Interface  [1].  a 
preprocessor  for  random  data  fields  (NESSUS/PRE).  a  structural  modeling  module  (e.g..  NESSUS/FEN) 
[2].  a  database  for  Intermediate  analysis  results,  and  a  module  for  making  fast  probability 
calculations  (NESSUS/FPI)  [3]. 


Figure  1.  Overview  of  the  NESSUS  Code  for  PSAN 


Probabilistic  analysis  requires  that  each  random  variable  mutt  be  an  Independent  random 
variable.  For  random  fields,  some  correlation  of  the  variables  It  expected  from  point  to  point. 
Random  fields  Include  descriptions  of  the  probabilistic  pressure  or  temperature  loads,  probabilistic 
thickness  variations,  or  probabilistic  material  properties  within  the  structure.  At  an  example, 
consider  aerodynamic  loading.  Aerodynmalc  pressure  loading  Is  likely  to  have  a  high  degree  of 
statistical  correlation  from  one  region  to  another,  owing  to  large-scale  order  In  variables  such 
u  velocity  and  pressure.  On  the  other  hand,  turbulent  boundary  layers  generally  have  statistical 
aspects  that  nay  only  be  locally  correlated,  related  to  the  size  and  distribution  of  the  turbulent 
eddies. 
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The  dtcoapotltlon  of  rtndon  fitids  with  partial  spatial  corralatlons  Into  Indopondont  randoa 
variable  fields  Is  presented  In  [4].  The  approach  Is  to  represent  each  field  In  teres  of  a  eodal 
decoepositlon 


[C*]  (1) 

where  the  {4i}  are  norealized  eode  shapes  of  Independent  randoe  variable  fields.  The  algorlthe 
was  originally  developed  on  the  basis  of  normally  distributed  random  vr  lables,  but  has  been 
extended  to  approximate  non-normally  distributed  variables.  NESSUS/PRE  performs  the  normalized 
modal  decomposition  for  random  fields,  based  on  a  user-specified  degree  of  Isotropic  correlation 
over  the  field.  More  general  representations  are  theoretically  allowable  using  this  same  approach. 

taalysis  Algorithms 

Figure  2  represents  the  key  element  of  the  PSAM  algorithms.  The  algorithm  Is  represented, 
for  purposes  of  example.  In  terms  of  frequency  dependence  on  material  modulus.  The  random  variable 
(modulus)  Is  described  empirically  or  In  terms  of  standard  cumulative  distribution  functions.  The 
structural  sensitivity  of  the  frequency  to  changes  In  modulus  Is  estimated  by  a  numerical  model, 
experimental  data,  or  an  approximate,  closed-form  solution.  The  cumulative  distribution  function 
(CDF)  for  the  response  natural  frequency  Is  directly  computed  by  the  fast  probability  Integration 
(FPl)  algorithm. 


INPUT  DATA 


RESPONSE  MOOa 


FREQUENCY 

Figure  2.  Fast  Probability  Integration  (FPI)  Algorithm  Uses  Structural  Sensitivity  Data 


The  FPI  algorithm  was  developed  [5]  for  basic  reliability  calculations  for  explicit,  closed-form 
system  models.  In  the  PSAM  project,  FPI  has  been  adapted  very  effectively  to  Implicit  response 
models  through  numerical  analysis  of  complex  structures  [6]. 

In  general,  the  response  model  Is  a  numerical  analysis  model  (e.g.,  FEM)  of  the  structures 
subject  to  the  usual  deterministic  loading  and  boundary  conditions.  For  linear  analysis,  we  are 
generally  concerned  with  such  variables  as  the  maximum  stress  or  the  natural  frequencies  of 
fundamental  modes.  Sensitivity  analysis  seeks  to  estimate  how  much  the  stress  or  natural  frequency 
depends  on  each  of  the  design  variables  (loads,  geometry,  material  properties,  boundary  conditions). 
By  perturbing  the  random  design  variables  a  small  amount,  the  solution  varlable(s)  art  perturbed. 
A  hyperplane  or  hyper- (quadratic) surface  Is  then  fitted  to  the  solution  data  at  the  mean-value 
(MV)  design  point  and  a  suitable  number  of  perturbed-solutlon  points,  and  the  results  stored  In 
a  database  for  later  FPI  analysis. 

The  NESSUS  code  has  specially  tailored  algorithms  for  obtaining  the  perturbed  solutions  for 
static  and  dynamic  problmn,  at  described  In  the  reference  by  Dias  and  Nagtegaal  [2].  In  general 
terms,  the  structural  analysis  routines  maintain  the  full  element  description  of  the  unperturbed 
problms,  and  place  the  effects  of  perturbations  on  the  right-hand  side  of  the  system  aquations  u 
pseudo-forces,  for  the  FEM  cate.  Iteration  of  the  system  equations  It  bated  on  the  use  of  the 
reduced  unperturbed  solution  stiffness  equation,  at  an  Iterative  preconditioner  matrix.  This 
approach  Is  tuuNrlzed  In  the  equations  below,  and  results  In  a  significant  time  savings  for  static 
pi^leme  ever  the  full  resolution  at  the  perturbed  condition.  A  smart  tub-space  Iteration  method 
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Is  ustd  to  Obtain  officlont  porturbod  olgsnvaluo  solutions  for  dynaalc  responsa  and  llnoar  buckling 
problan.  Typical  porturbatlon  solutions  art  achlaved  In  roughly  60%  to  70%  of  the  solution  tiM 
for  a  full  generation  and  resolution  of  the  systea  equations. 

The  following  equation  suMarIzes  the  static  solution  algorltha  for  perturbed  variables. 
The  quantities  with  hats  are  perturbed  froai  their  Initial  state.  The  perturbed  {o'}  values  and 
[4]  Btttrix  are  used  to  coapute  a  residual  vector  {R‘}  for  the  revised  load  vector.  Perturbed 
dlsplaceaent  and  stress  tenss  are  then  obtained  by  Iteration,  using  the  unperturbed  [AT*  Mtrlx 
u  a  preconditioning  eatrlx. 


{«}=[AT'{7’} 

{o}=[D][fl]{«} 

>  (i”'STEP){*}+A[»}  =  0} 
{d'} 

{o'}  =  0][J]{d'} 


(2) 


Probabilistic  analysis  of  the  structural  problea  requires  the  prediction  of  the  probability 
that  the  structural  response  exceeds  soae  level  or  Halt,  as  a  function  of  uncertainty  In  all  of 
the  randoa  design  variables.  Such  a  problaa  aay  be  written  In  teras  of  the  Joint  probability 
function  of  the  randoa  variables,  as  shown  In  Figure  3,  below. 


The  probability  of  exceedance  (I.e.,  Z>Z^  Is  then  written  as  the  solution  of  a  aultiple 
Integral  written  at 

7»(z>;y-J^4(s)dt  0) 

Here  Z(X)  Is  a  response  function  such  as  stress  or  displacaaent,  %  Is  a  Halt  value  of  the  randoa 
variable  Z,  It  the  vector  of  basic  design  factors,  and^Cs)  1*  the  Joint  probability 

density  function  of  Halt.  The  X,  are  the  Individual  randoa  variables  Input  to  the  problea 
(loads,  diaenslons,  aaterlal  properties,  etc.),  each  with  Its  own  statistical  distribution.  Equation 
(3)  describes  the  cuaulative  distribution  function  (CDF)  of  the  response  function  u  %  Is  varied 
over  the  appropriate  range.  In  structural  reliability,  the  Integral  would  be  Mirled  out  over  the 
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failure  region  a,  the  design  space  in  which  soow  ‘performance  function*  or  ‘limit  state  function* 
gQC)  satisfies  the  condition  xQO<0.  Solution  of  that  integral  determines  the  probability  of 
failure  p/. 

gQO=Z^-Z  (4) 

Exact  solution  of  this  multiple  Integral  is.  in  general,  extremely  complicated.  An  alternative 
is  the  Nonte  Carlo  method,  but  this  is  expensive  relative  to  its  accuracy,  especially  for  engineering 
problems  for  which  low  p,  values  are  required.  As  a  result,  current  approaches  for  determining 
structural  reliability  are  based  on  analytical  approximation  methods,  including  first-  and 
second-order  reliability  methods  (FORH  and  SORM)  [7]. 

The  PSAM  code  employs  a  new  fast  probability  integration  (FPI)  algorithm,  an  extension  of 
the  first-order  reliability  method  (FORM)  of  Rackwitz-FI easier  [8]  and  Chen-LInd  [9].  which  has 
been  proposed  and  demonstrated  by  Wu  and  Wirsching  [10]  to  consistently  provide  fast  and  accurate 
estimates  of  point  probabilities  for  typical  engineering  response  functions.  This  algorithm 
establishes  quadratic  polynomial  approximations  to  the  limit  state  at  the  most-probabl e-point  (NPP) 
and  then  transforms  the  quadratic  form  into  a  linear  one.  The  MPP  at  Z ^2^  Is  given  by  the  maximum 
value  of  the  Joint-PDF  along  the  limit  defined  by  Z=2^,  as  Indicated  In  the  cross-section  depicted 
In  Figure  3.  An  optimization  routine  Is  employed  to  approximate  non-normal  variates  as  equivalent 
normals,  thereby  approximating  the  limit  state  as  linear  In  normally  distributed  design  factors. 
Solution  of  this  simplified  problem  Is  referred  to  herein  as  the  mean-value,  first-order  solution 
(MVFO). 

Probabilistic  Sensitivity  Factors 

One  of  the  most  Important  results  from  application  of  the  FPI  methodology  Is  the  prediction 
of  probabilistic  sensitivity  or  Importance  factors  for  the  design.  These  factors  can  be  used  to 
Identify  the  key  design  variables  affecting  structural  reliability.  Structural  sensitivity  has 
been  defined  above  as  the  rate  of  change  of  a  structural  response  variable  with  respect  to  change 
In  a  random  design  parameter  (e.g.,  material  stiffness,  part  tolerances,  loads,  etc).  Probabilistic 
sensitivity  Includes  this  factor  but  also  takes  Into  account  the  uncertainty  of  the  given  structural 
parameter. 

The  details  of  the  calculation  method  for  these  sensitivity  factors  (Of)  are  treated  In  [11]. 
Generally  speaking,  the  Ot  are  normalized  such  that 

aJ+o4+  •+0^  =  1  (5) 

The  values  of  Of  are  given  approximately  as  the  sensitivity  of  the  solution  {g)  to  the  physical 
variable  (x;) 


where  0|  Is  the  normal  standard  deviation.  Thus,  both  the  physical  and  the  statistical  variables 
are  taken  directly  into  account. 

The  utility  of  the  probabilistic  sensitivity  factors  will  be  seen  In  the  applications  problems. 
Essentially,  the  factors  represent  a  numerical  ranking  of  the  Importance  of  the  individual  physical 
variables  on  the  component  (un) reliability.  The  higher  the  ranking,  the  more  Important  is  that 
variable  to  component  (un) reliability.  Weak  physical  variables  with  large  uncertainties  may  have 
probabilistic  sensitivity  factors  more  Important  than  strong  physical  variables  with  small  standard 
deviations.  The  values  of  the  factors  must  be  reduced  in  order  to  moke  the  component  more  reliable. 


t.  NESSUS  APfUCAnONS 
ValltfitiM  Exas^lo 

An  example  problem  demonstrating  the  results  of  the  application  of  the  NESSUS  software  Is 
presented  below.  A  number  of  other  validation  problems  have  successfully  been  executed  with  NESSUS 
[C].  Other  validation  analyses  can  be  found  in  [12]. 

The  example  validation  problem  herein  Is  for  a  cantilever  plate  subjected  to  correlated 
random  static  loadings  as  shown  In  Figure  4.  The  other  random  variables  are  elastic  modulus, 
thickness,  width  and  a  bate  spring  stiffness  at  defined  in  Table  I  .  The  response  functions 
considered  are  the  bending  stress,  S,  at  the  base  and  the  tip  displacament,  8. 


Figurt  4.  Cantilever  Plate 


Table  I.  Varlabtee  for  Validation  Problaa 


Variables 

Distribution 

Nadlan 

COV 

Nodulus,  E 

Lognonul 

10E6  psi 

0.03 

Length,  L 

Lognonaal 

20.0  In 

0.05 

Thickness,  t 

Lognonaal 

0.1  In 

0.05 

Width,  w 

LognonMl 

1.0  In 

0.05 

Base  Spring,  K  Loads* 

LognoTMl 

1E5  1b-1n/rad 

0.05 

P,  to  P,* 

Nonvl 

0.1  1b  (lean) 

0.1 

*Note:  Correlated  with  correlation  coefficients  ■  exp 

(-distance  between  loads  /  20) 


The  finite  elewent  wodel  consisted  of  20  flat-plate  elanents  with  42  nodes.  The  NESSUS 
detenalnlstlc  solution  results  were  0.7648  Inch  for  the  tip  dlsplacaaent  and  3657  psi  for  the 
■axlm  stress.  These  values  agreed  well  with  theory— 0.7692  Inch  and  3600  psi,  respectively. 
The  differences  are  0.5%  for  the  dlsplacaaent  and  1.6%  for  the  stress.  For  either  the  dlsplaceaent 
or  the  stress,  the  probabilistic  solutions  were  checked  by  selecting  two  points  In  the  right  tall 
of  the  distribution  (I.e..  cumlative  probability  >  50%). 

The  solution  approach  used  by  NESSUS,  In  this  exas^le.  Is  first  to  calculate  the  first-order 
(FO)  sensitivity  factors  for  root  stress  and  tip  dlsplacaaents  (I.e..  dg/3X,)  evaluated  at  the 
■ean-values  (NV)  of  the  design  variables  (Xi).  NESSUS  then  uses  FPI  together  with  the  statistical 
Mdels  In  Table  1  to  predict  the  aean-value,  first-order  (NVFO)  probabilistic  distributions  shown. 

At  each  reliability  level,  FPI  estlnates  the  MPP,  or  the  values  of  X,  that  are  west  probable 
for  that  reliability  level.  Back-substitution  of  these  variables  Into  the  NESSUS  aodel  corrects 
the  value  of  the  solution  state  (root  stress  and  tip  dlsplacoaent),  assualng  that  the  local 
reliability  does  not  change.  This  update  at  the  MPP  Is  referred  to  as  the  advanced-NVFO  solution 
(ANVFO).  New  sensitivity  factors  (ig/SX,)  at  the  NPP  way  then  be  calculated  In  order  to  update  the 
reliability  value  at  this  solution  point.  This  Iteration  step  generally  results  In  very  little 
change  In  the  local  solution,  dOMnstratlng  that  the  AHVFO  solution  Is  sufficiently  accurate  for 
■ost  design  purposes.  This  process  Is  Illustrated  In  Figure  5.  The  NVFO,  the  ANVFO,  and  the 
first-iteration  solutions  for  the  dlsplacaiMnt  and  the  stress,  respectively,  are  shown  In  Figures 
6  and  7.  The  exact  solution  shown  In  the  figures  was  generated  by  applying  Nonta  Carlo  slaulatlon 
(saaple  size  ■  100,000)  to  the  theoretical  solutions. 


Cumulative  Probability  Cumulative  Probability 


Figure  6.  CDF  of  the  Plate  Tip  Displacaaent 


(Tbousanda) 

Streaa(pal) 


Figure  7.  CDF  of  the  Cantilever  Plate  Root  Streai 
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iIpprtxiMta  Ntthods 

Tht  applicability  of  approxiMta  Mthods  for  for  rapid  avaluatlon  of  probabilistic  structural 
analysis  Is  addrtssad  by  tha  Probabilistic  Approxiaiata  Analysis  Nathods  (PAAN)  aodula  In  NESSUS. 
Tha  basic  Idas  of  PAAN  Is  sli^la:  Mka  an  approxiaiata  calculation  of  systaia  rasponsa.  Including 
calculation  of  tha  assoclatad  probabilistic  distributions,  with  alnliaal  coagxitatlon  tlno  and  cost. 
basadonas1q>11f1od  representation  of  thagaoMtry.  loads,  andaaterlal.  The  resulting  detenslnl  Stic 
sol  utl  on  shoul  d  g1  va  a  raasonabi  a  and  real  1  sti  c  dascrl  pti  on  of  parfonsanca-1  Iml  t1  ng  systea  responses , 
although  soae  error  will  be  Inevitable.  If  tha  slaple  mdal  has  correctly  captured  tha  basic 
Mchanics  of  tha  systaa,  however.  Including  tha  proper  functional  dependence  of  stress,  frequency, 
ate.,  on  design  paraaetars,  than  tha  rasponsa  sensitivities  calculated  may  be  of  significantly 
higher  accuracy  than  tha  solution  Itself.  In  other  words,  the  calculated  probabilistic  distribution 
of  the  response  variable  my  be  In  significant  error  only  by  some  offset  of  the  nean  value. 

The  PAAN  response  functions  are  defined  In  an  Independent  user-written  subroutine.  To  execute 
the  code,  a  user  needs  to  prepare  a  data  set  which  defines  the  selected  coaqwnent,  the  Input  randan 
variables,  and  the  probabilistic  analysis  options.  The  output  of  the  analysis  Includes  the  CDF 
values,  the  mst-probable-polnts,  and  the  sensitivity  factors.  For  checking  purposes,  the  code 
also  Includes  a  Nonte  Carlo  option  which  lapiMMnts  an  Importance  sampling  schem. 

An  example  problem  of  a  thick  cylinder  subjected  to  different  Internal  and  external  pressures 
and  temperatures  Is  a  classic  elasticity  problems  mact  solutions  are  readily  available  In  standard 
textbooks  [13].  For  simplicity  we  consider  here  only  the  hoop  stress,  which  Is  typically  the 
largest  stress  component.  The  pressure  solution  Is  given  by 

(rjrf(p,-pt)  p,-p^* 

- r; — : - +— U) 


k^rjri,  and  the  subscripts  i  and  o  denote  Internal  and  external  pressures  or  radii.  The  thermi 
solution  for  an  appropriate  steady-state  temperature  field  Is  given  by 


o,»-p 


(rjrf+l 


+  p 


l-ln(r^r) 

Hk) 


(8) 


where 


aE(Ti-T,) 
2(1 -V) 


(?) 


Here  E  Is  Young's  modulus,  v  Is  Poisson's  ratio,  and  a  Is  the  coefficient  of  thermi  expansion. 

Probabilistic  data  values  for  the  thick  cylinder  model  were  selected  for  testing  and  are 
listed  In  Table  11  .  The  mterlal  Is  Haynes  186.  Hote  that  FPI  can  easily  accomodate  a  wide 
variety  of  distribution  types.  Including  truncated  distributions. 


Table  II.  Definition  of  Input  Variables  for  Thick  Cylinder  Nodel 


Variable 

Distribution 

Nean 

COV 

rt 

truncated  Horml 
(±D.003) 

0.094  In. 

1.06% 

truncated  Honml 
(-0.002,  40.01) 

0.110  In. 

4.55% 

E 

Normal 

3.40E47  psi 

2% 

V 

Normi 

0.3594 

2% 

a 

Normi 

5.6SE-6/R 

5% 

Pi 

Lognormi 

3077  psi 

4% 

P, 

Lognormi 

3232  pti 

4% 

loth  an  PI  analysis  and  a  Nonte  Carlo  simulation  (bated  on  10,000  samples)  were  perfonmd. 
Results  for  the  hoop  stress  at  the  Inner  radius  are  presented  In  Figure  8  at  a  cumlative  distribution 
function,  described  In  tenss  of  stsndard  deviations  of  the  equivalent  normi  distribution  of  the 
hoop  stress.  These  calculations  suggest  that  the  mmn  value  of  the  hoop  stress  at  the  Inner  radius 
will  be  approKlmtely  193  ktl,  and  that  the  hoop  stress  will  be  lets  than  220  ktl  at  a  probability 
level  ef  0.99  (about  «2.3  standard  deviations).  Actually,  these  stress  levels  are  above  yield. 
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SO  tho  tlistic  uswptlons  In  the  forMlatlon  are  Invalid  and  a  nonlinear  analysis  should  be 
perforaed.  This  Mould  require  only  the  developaent  of  new.  nonlinear  equations  for  the  hoop  stress, 
but  would  not  cause  any  difficulty  for  the  FPl  algorlthia  or  Its  lapleaentatlon.  There  Is  excellent 
agreeaent  between  the  PI  and  Nonte  Carlo  calculations.  The  priaary  difference  between  the  two 
Is  speed  of  execution.  The  traditional  Nonte  Carlo  computations  for  this  problem  require  more  CPU 
time  by  one  to  two  orders  of  magnitude,  depending  on  the  probability  level  required. 


Figure  8.  Cumulative  Distribution  Function  of  the  LOX  Post  Hoop  Stress 

at  the  Inner  Radius 


Figure  9  shows  the  probabilistic  sensitivity  factors  of  the  random  variables  for  the  hoop 
stress  at  the  Internal  radius,  computed  here  at  the  design  point  corresponding  to  ♦S  standard 
deviations.  From  these  results  it  Is  seen  that  a  clearly  dominates,  followed  by  the  elastic 
constants  £  and  v  and  the  external  temperature  T,.  This  Is  due  In  part  to  the  larger  COV's  for 
these  variables,  which  are  based  on  default  values  rather  than  problem-specific  Information.  It 
may  be  of  particular  benefit  to  obtain  Improved  statistical  data  for  these  parameters.  Furthenmire. 
In  view  of  the  significant  Influence  of  these  three  material  properties,  further  analysis  should 
address  the  known  temperature  dependence  of  each,  an  effect  which  was  neglected  in  this  first  PARN 
analysis.  On  the  other  hand,  the  tight  tolerances  on  the  internal  and  external  radii  are  shown 
to  be  sufficient  to  make  dimensional  variations  of  little  consequence  to  the  hoop  stresses,  so 
further  work  In  that  area  Is  not  needed. 


IMIOOM  VMIMU 


Figure  9.  Sensitivity  Factors  for  Random  Variables  In  PMM  Analysis 
of  LOX  Post  (Thick  Cylinder  Nodel,  Calculation  of  Hoop  Stress) 
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SSNE  TMtopii  I1ad«  Application 

The  NESSUS/FEN  software  was  applied  by  the  space  shuttle  aaln  engine  (SSHE)  Manufacturer 
(Rocketdyne)  to  the  structural  response  of  the  turbopump  blade  shown  In  Figure  10.  The  finite 
eleient  Model  shown  has  about  6,000  degrees  of  freedom.  The  randOM  design  variables  for  the  blade 
Included  nine  Manufacturing  variables  and  nine  loading  variables.  The  Manufacturing  variables 
Included  three  rigid-body  orientations  of  the  airfoil,  associated  with  the  process  of  machining 
used  on  the  blade  root,  three  orientations  of  the  cubic  single  crystal  being  evaluated,  and  three 
material  properties  for  the  single  crystal.  The  nine  loading  variables  concerned  operating 
conditions  for  the  turbopump,  each  of  which  had  some  predictable  effect  on  the  rotor  speed,  blade 
temperature,  and  pressure  loading  conditions  (steady-state  operation  was  considered). 


Figure  10.  FEN  Nodel  of  Turbopump  Blade 


Figure  11  Illustrates  the  use  of  engine  simulation  to  define  the  effect  of  each  of  the 
'primitive*  operating  condition  variables  on  the  three  loading  conditions.  A  primitive  variable 
Is  taken  to  be  a  statistically  Independent  variable  whose  effect  on  a  random  loading  variable  must 
be  Independently  calculated  or  estimated.  In  the  current  application,  Rocketdyne  correlated  the 
results  of  the  engine  test  data  to  define  the  statistics  of  the  primitive  variables,  as  given  In 
Table  III  . 


Figure  11.  Engine  Slmuletlon  Modeling 


Table  III.  Random  Variables  for  Turbopump  Blade  Modeling 


Random  VarlaMo 


Typo 


ANoetodFEM 


MotorialadtZ 
Molorial  aida  V 
Malarial  aala  X 


Malarial 

orlanlalla 

Blaeia 


Anltolfttple 


-O.IM72M 

-0.034M7 

-O.OUSM 


0.M7M4 

0.067644 

0.007044 


■laaWD  eonalama 


10.30e0pal 


Polaaon'a  roHo 


proparllaa 


10.0360  pal 


0.400660 

0.00000 

0.04007066 


Qaomolrle  loan 
Oaomalrle  101 
Oaomalrle  Mai 


Odao 
0  dog 
0  dog 


0.14  < 
0.14  < 
0.301 


Sytlom 


Pool  kdol  proaauro 
Oxidliar  InM  praaaura 
Fual  Mai  tamporahira 
Oiildliar  Mol  tamparahira 


caMrMugal  lent 


0.0 

30.0  pal 
100.00  pal 
37*R 
104  *R 


0.03 

0.00 

20.00 

0.00 

1.33 


Pump  offldancy 
Hoad  coaHlelant 


Componarn 


Praaaura.  lamparaluro. 
eaalfNugal  lorca 


1.00 

1.024 


0.000 

0.000 


Local  aHaeU 


Tamparahira 


1.0 

1.0 


0.10 

0.05 


Moon  =  61,086  (pti),  Sigmo  =  1,280  (pti) 


(Thotiaando) 
Effoctivo  Stfooo  (poi) 


(ThOMaondo) 
EHoethro  StTOflo  (poi) 
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Ttw  results  of  the  NESSUS  analysis  for  the  turbine  blade  probleai  are  plotted  In  Figure  12. 
The  two  parts  of  the  figure  correspond  to  the  two  Uniting  locations  Identified  on  the  finite 
elanent  nodel.  The  plots  depict  the  CDF  of  the  effective  stress  at  the  two  locations,  using  the 
NVFO  option.  Of  most  Inportance  In  the  design  study  are  the  probabilistic  sensitivity  or 
Inportance  factors  shown.  At  location  A.  the  dominant  factor  Is  the  hot  gas  seal  leakage,  wi'ch 
allows  hot  gas  exposure  of  that  location,  resulting  In  the  highest  blade  stress.  At  location  B, 
two  of  the  single  crystal  orientations  are  among  the  most  dominant  factors.  These  factors  can 
be  used  to  quantitatively  assess  the  Importance  of  design  changes  or  process  controls  for  the 
variables  on  the  reliability  of  the  design. 

3.  STRUCTURAL  RELXABILITY 

Cmremt  Approach 

The  current  practice  In  design  of  flight  structures  does  not  Include  des1gn>1n  reliability, 
except  through  the  use  of  past,  good  experience  on  reliable  designs.  Rather,  load  envelopes  and 
biased  design  factors  for  such  Items  as  weights,  thermal  gradients,  tolerances,  and  material 
properties  are  used  to  provide  a  result  for  which  a  safety  or  life  factor  can  be  applied. 

Statistical  approaches  to  support  the  design  process  are  used  to  evaluate  the  uncertainty 
In  loading  and  material  properties,  for  example,  but  not  to  predict  the  reliability  of  the  final 
design.  Some  selected  design  problems  such  as  fracture  critical  engine  hardware  may  Include  a 
probabilistic  fracture  mechanics  model  for  defining  design  curves.  Also,  probabilistic  risk 
assessment  Is  becoming  widely  used  In  the  evaluation  of  airworthiness  directives  for  selected 
flight  safety  evaluations.  These  applications,  of  course,  occur  after  the  design,  when  premature 
cracking  of  a  critical  component  Is  found  In  the  fleet. 

The  design  of  civil  structures  Is  the  only  place  where  probabilistic  methods  are  used  more 
often  for  predicting  structural  reliability.  Exanqiles  Include  the  response  of  structures  to 
stochastic  load  models  due  to  earthquakes  and  sea  loads.  However,  In  these  problems  only  the  mean 
and  the  variance  In  the  solution  are  usually  calculated. 

The  results  presented  so  far  have  been  for  the  'stress*  variable  distributions  and  not  for 
the  'strength*  variables.  In  order  to  compute  the  design  reliability  of  the  structure  It  Is 
necessary  to  take  the  Joint  probability  of  the  'stress*  and  'resistance*  distributions  for  appropriate 
material  or  structural  failure  mode.  Considerable  research  has  been  done  to  date  on  probabilistic 
'resistance*  models.  These  models  are  easily  Integrated  with  the  results  for  the  'stress*  variables 
to  predict  the  probability  of  failure  of  the  structural  component.  Automation  of  the  strength 
evaluation  Is  now  being  mode  In  the  NESSUS  code. 

FUtere  Mrectloes 

The  research  reported  to  date  has  focused  on  the  assessment  of  uncertainty  In  the  'stress' 
or  response  variables  of  the  design.  Much  work  exists  In  the  literature  on  the  subject  of  stochastic 
life  modeling,  which  focuses  on  the  material  'resistance*  or  strength  and  life  variables.  The 
extension  of  the  reported  research  effort  Includes  the  Integration  of  these  two  technologies,  to 
be  able  to  predict  component  reliability  In  terms  of  strength,  life,  or  cost. 

Component  reliability  In  Its  simplest  form  addresses  Individual,  Independent  failure  modes. 
In  reality,  multiple  failure  modes  or  sites  may  be  Involved  In  structural  failure.  Structural 
redundancy  and  damage  progression  may  also  be  very  Important.  These  Issues  bring  In  problems  of 
system  reliability,  especially  If  there  Is  some  form  of  dependence  between  the  damage  processes. 
The  Integration  of  system  reliability  concepts  Into  the  NESSUS  software  Is  one  of  the  challenging 
areas  of  future  work. 

Other  major  Issues  for  the  future  Include  probabilistic  considerations  for  component  Inspection 
and  system  health  monitoring  requirements.  The  Information  gained  from  such  studies  can  be  directly 
used  In  the  assessment  of  the  probabilistic  residual  strength  or  perfonaance  of  a  system,  and  will 
be  developed  as  well  In  the  NESSUS  system. 

Certlflcatlem  Issues 

Certification  has  been  achieved  In  the  past  by  the  assurance  of  margins  of  safety  or  of  life 
for  the  structure.  No  suitable  level  of  risk  has  yet  been  defined  to  correspond  to  the  success 
of  past  designs.  Much  work  needs  to  be  done  to  support  the  use  of  reliability  methods  for  flight 
or  propulsion  system  design  certification.  The  use  of  limited  numbers  of  flight  test  aircraft  or 
test-cell  engines  does  not  support  the  demonstration  of  component  or  system  reliability,  suitable 
for  certification.  The  use  of  past  experience  Is  only  valid  If  there  Is  considerable  replication 
of  the  data-base  structure  In  the  new  design.  New  analytical  methods,  such  as  reported  herein, 
and  supported  by  critical  experimentation,  are  required  for  certification  to  a  defined  level  of 
reliability. 


Fortunately,  new  tools  are  now  becoming  available  for  the  certification  task.  Integration 
of  reliability  modeling  methods  In  the  design  and  test  phases  of  major,  new  aerospace  systems  Is 
critical  for  the  future.  Cost  savings  and  performance  Improvements  will  be  achieved  though  the 
detailed  application  of  the  new  tools  throughout  this  development  process.  Furthermore,  the  tools 
provide  for  the  first  time,  quantitative  assessments  of  the  role  each  of  the  design  variables  Is 
playing  In  the  reliability  of  the  component,  and  hence  the  system. 
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RECORDER’S  REPORT  OF  FINAL  DISCUSSION 

by 

O.Sensburg,  Deutsche  Aerospace,  MBB-UF,  Germany 
J.Starnes,  NASA-Langley  Research  Center,  United  States 


During  the  last  years  the  cost  of  structural  testing  has  been  skyrocketing  due  to  the  following  reasons: 

—  Introduction  of  composite  materials  for  primary  aircraft  structures  and  hence  the  possibility  of  complicated  failure  modes 
and  the  variability  of  these  materials  to  temperature,  moisture  and  impact. 

—  Cost  of  labour  is  very  high. 

—  Test  equipment  is  sophisticated  and  therefore  costly. 

—  With  aeroelastic  tailoring  a  balanced  design  is  found  —  therefore  ideally  there  should  be  no  inherited  strength  which 
makes  the  search  for  the  weakest  test  condition  very  difficult  since  the  test  article  collapses  in  all  failure  modes  at  once. 

On  the  other  side  the  use  of  finite  element  codes  has  made  structural  calculations  more  reliable  and  the  advent  of  CFD  codes 
also  produces  better  airloads  which  may  not  be  represented  well  enou^  in  a  test. 

Therefore  a  rational  approach  to  control  development  cost  for  new  airplanes  is  to  increase  emphasis  on  analytical  certification 
with  necessary  (but  limited)  experimental  validation. 

The  objective  of  the  Workshop  had  been  to  address  the  role  of  structural  analysis  design  in  relation  to  the  qualification 
procedure,  in  order  to  establish  guidelines  for  the  future  and  to  seek  out  those  areas  where  there  exists  a  commonality  in 
approach. 

The  attitude  of  the  participants,  from  the  various  groups,  can  be  summarised  as  follows: 

Aircraft  Industry 

—  Reduce  certification  costs  by  eliminating  nonessential  development  tests. 

—  Explore  acceptability  of  combining  major  tests. 

—  Reduce  economic  risk  of  developing  a  non-viable,  un-certifi  ,ble  airframe  structure. 

Certification  Agencies 

—  Demonstrate  airworthiness  by  tests. 

Analysts 

—  Analytical  and  computational  procedures  and  capabilities  are  improving  with  time. 

—  Robust  designs  for  structures  can  be  assured  with  applicable  data  bases. 

Experimentalists 

—  Some  failure  modes  and  mechanisms  in  composite  structures  are  not  yet  well  enough  understood  to  predict  reliably  by 
analysis. 

—  A  test  is  more  likely  to  find  a  design  problem  than  an  analysis  that  does  not  model  the  problem. 

The  following  general  points  were  made: 

1 .  Analysis  is  getting  better  and  less  expensive. 

2.  Analysis  should  complement  tests  to  improve  the  qualification  process  and  reduce  testing  costs. 

3.  Analytical  models  should  be  verified  or  certified  by  test  and  then  used  for  redesign. 

4.  Analysis  will  not  eliminate  the  need  for  testing  for  some  time  to  come,  if  ever. 

5.  Composite  structures  are  more  sensitive  to  secondary  effects  than  metallic  structures  and,  as  a  result,  require  more 
detailed  local  analysis  than  is  used  for  metallic  structures  to  model  critical  failure  mechanisms  and  to  predict  failure 
reliably. 

Some  common  issues  and  concerns  were  identified: 

—  Computational  costs 

—  Software  fidelity  and  user  qualifications 

—  Modelling  accuracy  and  appropriate  analysis 
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—  Material  property  variability  and  manufacturing  tolerances 

—  Availability  of  appropriate  loads 

—  Reliable  damage  tolerance  and  durability  predictions 

—  Understanding  of  failure  mechanisms  and  availability  of  appropriate  failure  analyses 

—  Improved  analysis  capabilities  and  full-scale  testing  are  needed. 

The  following  recommendations  were  agreed: 

—  Improved  analytical  methods  are  needed  for  predicting  complex  structural  behaviours  such  as  non-linear  response  and 
crack  growth. 

—  Software  should  be  evaluated  and  verified  to  provide  quality  assurance. 

—  Training  should  be  provided  for  analysts  and  certifiers  to  assure  that  structural  problems  and  analysis  methods  are 
understood. 

—  Modelling  skills  should  be  improved  to  reduce  the  risk  of  generating  misleading  analytical  results. 

—  Validated  reference  analytical  results  and  benchmark  problems  would  help  analysts  improve  their  understanding  and 
verify  software. 

—  Open  exchange  of  lessons  learned  would  help  others  avoid  repeating  a  design  problem  or  mistake. 

—  Round-robin  analysis  challenges  would  help  software  developers  and  analysts  to  verify  software  and  modelling  skills. 

—  A  conunon  certification  approach  would  help  all  concerned  with  design  and  certification. 

It  is  hoped  that  the  workshop  —  bringing  together  the  various  views  of  the  aircraft  industry  and  certification  agencies  —  has 
served  in  achieving  the  goal  of  showing  a  way  to  reduce  development  cost  and  increase  reliability  of  structures. 
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